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ABSTRACT 
Chapter 1 
W(NAr)(CH-t-Bu)(CHz-t-Bu)? (Ar = 2,6-i-Pr2ChH3) was synthesized in four steps starting 
from WC16. The reaction of W(NAr)(CH-t-Bu)(CH2-t-Bu)? with various alcohols 
(1-AdamantylOH, t-BuOH, ArOH, (CF3)?CHOH, (CF3)2MeCOH, CF3Me2COH, (CF3)3COH, 
C6F50H) in hydrocarbon solvents gave either W(NAr)(CH-t-Bu)(CH?-t-Bu)(OR) or W(NAr)(CH2- 
t-Bu);(OR) depending on the pK, of the alcohol used. W(NAr)(CH2-t-Bu)3(0R) appears to be 
formed when the alcohol has a relatively low pK,. W(NAr)(CH2-t-Bu);(OR) evolves neopentane 
gas to give W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR). The reaction between W(NAr)(CHz-t-Bu);Cl and 
LiOR similarly afforded W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR). W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) 
complexes were found to be active catalysts for various metathesis reactions, with the reactivity 
varied in the order of OAr - OC(CF;); > OCMe(CF& > OCMe2CF3 > OCMe;. Conversion was 
sometimes limited by the tendency of tungsten to form stable metallacyclobutane in the presence 
of ethylene, and the bimolecular decomposition of intermediate alkylidenes to yield dimeric 
species that contain W(IV)/W(IV) double bonds. 
Chapter 2 
Tungsten imido alkylidene complexes were found to undergo bimolecular reaction to give 
dimers that contain W(IV)/W(IV) double bonds and no bridging ligands. A modest number of 
W=W species of two general types were obtained and structurally characterized. One type is 
[W(NR)(CH2-t-Bu)(ORI2 (NR = N-2,6-MezC6H3, N-2,6-iPrzC6H3; OR' = OC6Fj, OCH(CF3)2) 
which was found to exist in both heterochiral and homochiral isomeric forms. The other type is 
[W(NR)(OR')2]2 (NR = N-2,6-Me2C6H; or N-2,6-iPr2C6H3; OR' = OCMe2CF3, OCMe(CF3)2) 
which has a virtual C2h symmetry. To the best of our knowledge, these dimers are the first 
examples of compounds that contain unbridged W(IV)/W(IV) double bonds despite the presence 
of ligands that would typically be expected to bridge such bonds. These compounds are 
characterized by W-W distance of 2.4-2.5 A, trans orientation of imido ligands, and -90" angle 
between the imido ligands and the W=W bond vector. A related unbridged molybdenum dimer, 
(Mo(NA~)[OCM~(CF;)~]& (NAd = N- 1 -adamantyl) (Mo=Mo = 2.422 A). was also isolated and 
crystallographically characterized. Remarkably, a compound with the same stoichiometry was 
recovered from a sealed NMR tube reaction between Mo(NAd)(CHCMe2Ph)[OCMe(CF3)2]2 and 
bistrifluoromethylnorbomadiene, and was shown in an X-ray study to be the alternative imido- 
bridged isomer in which a single Mo-Mo bond is present (2.609 A). Conversion of unbridged 
M=M species to their imido-bridged isomer is yet to be observed. 
Chapter 3 
Reaction of [W(NAr')(OCMe2CF3)2]2 (Ar' = 2,6-MezC6H3) with carbon tetrachloride gave 
[W(OCMe2CF3)2C1]2(p.-NAr')2, the structure of which was determined by X-ray diffraction studies. 
Reaction of [W(NAr')(OCMe2CF3)2]2 with iodine gave mixture of products, two of which were 
identified to be W(NAr)(OCMe2CF3)31 and W(OCMe2CF3)313. Reaction of 
[W(NAr1)(OCMe2CF3)?I2 with PMe3 gave a stable mono-adduct. Reaction of 
[W(NAr')(OCMe2CF3)2]z with CH3CN gave a mixture of two products, both with empirical 
formula "W(NAr')(OCMezCF3)2(CH3CN)". The minor product was found by X-ray diffraction 
studies to be [(CF3)MetCO]2W(p-NAr')(p-N(Me)C=C(Me)N=)W(NAr')(OCMeCF) resulting 
from reductive coupling of two acetonitrile ligands. Reaction of [W(NAr1)(OCMe2CF3):I2 with 
MeC=CMe gave a mono-adduct, the structure of which shows MeC=CMe bridging the two metal 
centers in approximately perpendicular manner. Reaction of [W(NAr')(OCMe2CF3)2]2 with CO 
resulted in the formation of W(NAr')z(OCMe2CF;)2 along with other yet unidentified products of 
the reaction 
[W(NAI')(OCM~~CF~)~]~ was found to slowly catalyze the ring opening metathesis 
polymerization of norbornene. However, no alkylidene species was observed by 'H NMR, as only 
a relatively small amount (<2%) of the dimer species was believed to be "activated" by the olefin. 
Addition of ethylene to [W(NAr')(OCMe2CF3)2]2 gave what is essentially a ditungstacyclobutane 
complex that contains a bridging alkoxide and a "semi-bridging" ethylene. Upon heating, the 
ethylene adduct was transformed into a new species that contains an ethyl group as a consequence 
of activation of an ortho methyl group in the NAr' ligand. 
Chapter 4 
The reaction between H2[F3NzNMe] [F;N2NMe = (3,4,5-F3C6H2NCH2CH2)2NMe] and 
TaClj in the presence of hiethylamine in dichloromethane yielded [F;N2NMe]TaC13, which was 
used as a precursor compound for the synthesis of various organotantalum complexes. The 
trimethyl species [F3N?NMe]TaMe; was obtained from the reaction between [F3N2NMe]TaC13 and 
methylmagnesium chloride. Treatment of [F3N2NMe]TaC13 with trimethylsilylmethylmagnesium 
chloride afforded [F3N2NMe]Ta(CHSiMe3)(CHfiiMe;). The monoalkyl complex, 
[F3N2NMe]Ta(CH2-t-Bu)C12 was obtained from the reaction between [F3N2NMe]TaC13 and t- 
BuCH2MgCl. Further alkylation of [F3N2NMe]TaC13 with methylmagnesium chloride gave 
[F3NzNMe]Ta(CH-t-Bu)(CH3). By extending the reaction time in the synthesis of 
[F3N2NMe]Ta(CH2-t-Bu)Clz, [F3N2NMe]Ta(CH-t-Bu)(CH2-t-Bu) could be isolated, albeit in low 
yield. The reaction between [F3N2NMe]TaCl3 and ethylmagnesium chloride gave the olefin 
complex, [ F ~ N ~ N M ~ ] T ~ ( ~ ' - c H ~ c H ~ ) ( c H ~ c H ~ ) .  The alkyValkylidene complexes 
[F3N2NMe]Ta(CHSiMe3)(CHfiiMe3), [F;NzNMe]Ta(CH-t-Bu)(CH3) and [F3N2NMe]Ta(CH-t- 
Bu)(CH2-t-Bu) have relatively upfield alkylidene H, resonances (0 - 6 ppm) and uniformly low 
I JcH values. [F3N2NMe]Ta(CHSiMe3)(wiMe3) and [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c H ~ c H ~ ) ( c H ~ c H , )  were 
crystallographically characterized. The niobium complexes, [F3N2NMe]NbC13 and 
[F;NzNMe]NbMe3, were similarly prepared. 
Tantalum complexes of the triamidoamine ligand [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] ~ -  were 
synthesized. [(3 ,5-ClzC6H;NCH2CHz)3N]TaC12 was obtained from the reaction between H3 [(3,5- 
C12C6H3NCH2CH2)3N] and TaCls in the presence of triethylamine. Treatment of 
[(3,5-C12CaH3NCHzCH2)3N]TaC12 with methylmagnesium chloride gave 
[(3 ,5-C12C6H3NCH2CH2)3N]TaMe2, the structure of which was determined by X-ray diffraction 
studies. Ethylene and acetylene complexes, [(~,~-c~~c~H~NcH~cH~)~N]T~(~~-cH~cH~) and 
[(3 , 5 - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] T ~ ( I ~ - H C C H ) ,  were obtained when 
[(3 ,5-Cl2C6H3NCH2CH2);N]TaCl2 was reacted with ethylmagnesium chloride and vinyl 
magnesium chloride, respectively. 
Thesis Supervisor: Professor Richard R. Schrock 
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GENERAL INTRODUCTION 
Olefin metathesis is a versatile and reliable synthetic technique for selective cleavage and 
formation of C=C double bonds.' The widely accepted mechanism of the transformation 
(Scheme 1.1) involves a [2+2] cycloaddition between an olefin and a metal-carbon double bond 
to give an unstable metallacyclobutane. Productive metathesis results from the subsequent retro- 
cycloaddition reaction of the intermediate metallacycle to afford a new olefin and a new 
propagating alkylidene.2 
R'HC = CHR" R H C C H R "  
Scheme 1.1. Mechanism of the olefin metathesis reaction. 
Over the last decade, catalytic olefin metathesis has had a remarkable impact on modem 
organic and polymer ~ h e m i s t r ~ . ~ ~ ~ - "  Much of its success is attributable to the 
development of well-defined transition metal catalysts for this transformation, most notably the 
ruthenium-based catalysts by Grubbs and coworkers" and the Group 6 complexes developed in 
our laboratories. The olefin metathesis catalysts introduced by our group are based on Mo and W 
imido alkylidene complexes of the type M(NAr)(CHR)(OR1)? (Figure I. 1 ).I Such complexes 
offer large number of possibilities for tailoring properties in order to achieve the desired 
reactivity and selectivity. Hence, the many combinations of imido, alkoxide, and metal (Mo or 
W) that are known have led to a diverse set of catalysts. The appropriate choice of the metal, 
combined with the electronic variability of the alkoxide and the steric protection afforded by the 
OR" = 0-t-Bu, OCMe2CF3, OCMe(CF3)2, OC(CF3)3 
Figure 1.1. Group VI olefin metathesis catalysts and 
some of the most commonly used ligands. 
imido ligand, allow isolation of stable catalyst initiators that suit the requirements of a specific 
application. 
The first reported metathesis catalysts of this type contained a tungsten metal center (Ar = 
2,6-iPrzC6Hj, R = t-Bu, CMezPh, OR' = 0-t-Bu, O ~ M ~ ( C F ~ ) ~ ) . ' ~  However, 
~ o ( ~ ~ r ) ( ~ ~ ~ ) ( ~ ~ ' ) ~ ' \ a t a l ~ s t s  are currently preferred over tungsten complexes in metathesis 
applications, particularly where ethylene is generated as a by-product of the reaction.' This is 
primarily due to the tendency of molybdacyclobutane intermediates to lose olefin and regenerate 
the alkylidene more readily than their tungsten counterparts. The tendency of tungsten 
complexes to form stable metalla~~clobutanes" has been exploited to ultimately work to our 
advantage. Investigation of the reactivities of tungsten catalysts permitted the observation and 
characterization of metathesis intermediates which are otherwise unobservable in the 
molybdenum systems. For instance, Jerald Feldman's extensive work on the reactivity of 
tungsten catalysts with ethylene and other terminal olefins led to the isolation and structural 
characterization of a number of tungstallacyclobutane ~ o m ~ l e x e s . ' ~ - ~ '  It was found that 
metallacyclobutanes possess either a square-pyramidal (Figure I.2A) or trigonal bipyramidal 
(A) (B) 
Figure 1.2. Square pyramidal (A) and trigonal bipyramidal (B) tungstallacyclobutanes. 
geometry (Figure I.2B). Electron-donating alkoxide ligands were found to stabilize the former 
while trigonal-bipyramidal geometry is stabilized by highly electron-withdrawing alkoxides. 
Kinetic studies revealed that square pyramidal metallacycles are relatively stable toward loss of 
olefdalkylidene compared to the trigonal bipyramidal counterpart. l7 These findings account for 
the general trend that catalysts with relatively electron-withdrawing ligands are much more 
active for the metathesis of simple olefins than a complex that contains e.g. t-butoxide ligands.18 
Recently, in 'the process of exploring the reactivity of a tungsten biphenolate complex with 
ethylene, the heterochiral methylene dimer [ w ( ~ ~ r ) ( ~ i ~ h e n ) ( " c ~ 2 ) 1 2  was discovered and 
spectroscopically characterized.19 This compound is the first direct evidence of the bimolecular 
decomposition mechanism of Group VI olefin metathesis catalysts. Clearly, the study of the 
reactivity of tungsten complexes has been crucial in understanding the behavior of our catalyst 
system. Hence, research in molybdenum systems is typically complemented by investigation of 
their tungsten analogues. 
Recently, we turned our attention to olefin metathesis catalysts of the type M(NR)(CH-t- 
Bu)(CHz-t-Bu)(OR) (Figure 1.3). Our foray into this area was prompted by Arnritanshu Sinha's 
discovery that Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes, obtained from the reaction 
between Mo(NAr)(CH-t-Bu)(CHz-t-Bu)? and an NR 
equivalent of ROH, are active olefin metathesis I I 
I I 
catalysts.20 Chapter 1 describes the synthesis of the m u  \,,,,,, / ,WM +'Bu 
analogous tungsten complexes, W(NAr)(C H-t-Bu)(CH2- R'O 
t-Bu)(OR). Their reactivities with typical metathesis Figure New class of Group VI 
substrates are discussed and compared with those of olefin metathesis catalysts. 
Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OR). 
Fortuitously, in the course of our investigation of the new tungsten catalysts, we 
discovered that a1 kylidene complexes with less sterically demanding ligands around the metal 
center react bimolecularly to give the first examples of dimers that contain W(IV)/W(IV) double 
bonds unbridged by potentially bridging ligands. Although bimolecular reaction is a known 
deactivation process of M(NAr)(CHR)(ORt)2 catalysts, [MO(O-~-BU)~](~-NA~)? is the only 
unambiguously characterized inorganic product of this type of reaction prior to this work. Hence, 
it has always been assumed that reductive coupling of Group VI imido alkylidene complexes 
generally yield imido-bridged dimeric species.'9322 Chapter 2 details the synthesis and structural 
characterization of unbridged bimetallic species. 
Although compounds with unbridged single, triple and quadruple metal-metal bonds are 
well-known, compounds with unsupported M=M double bonds are conspicuously rare.23 There 
are in fact few compounds containing M=M bonds of any kind, much less are those with 
unbridged M=M double bonds even in the presence of potentially bridging ligands. To the best 
of our knowledge, [ ~ z ( ~ i ~ r ) ~ ( ~ ~ ) ( d r n ~ e ) ~ ] , ~ ~ * ~ ~  OS~(CO) ,*~.~ '  and [ R ~ ( C - ~ - B U ) ( O R ' ) ~ ] ~ ~ ~ ~ ~ ~  are 
the only previously reported compounds of this type prior to this work. Consequently, there is 
little known systematic chemistry of M=M double In Chapter 3, a preliminary 
survey of the reactivity of dimers with unbridged W(IV)/W(IV) double bonds is discussed. The 
reaction of W=W species with olefins in the hopes of regenerating the W=C double bond is of 
special interest to olefin metathesis. 
Formation of alkylidenes from olefin complexes of reduced metal species is now 
One recognized mechanism of this transformation involves formation and ring- 
contraction of a metallacyclopentane. 39,42,44 Retro-cycloaddition of the resulting 
metallacyclobutane yields an olefin and an alkylidene (Scheme 1.2). The ring-contraction of 
Scheme 1.2. Formation of alkylidene from olefin complex via ring contraction mechanism. 
metallacyclopentane complexes was first proposed in order to account for the observed selective 
dimerization of ethylene and terminal olefins by tantallacyclopentane.3" Ring contraction of 
rhenacyclopentane has since been reported." More recently, Mo(1V) complexes such as 
Mo(NAr)(CHzCH2)[Biphen] was found to catalyze the conversion of CH2=CHSnBu3 to 
CH2=CHCH2SnBu3 in the presence of ethylene." This reaction was proposed to proceed via a 
mechanism akin to that illustrated in Scheme 1.2. 
Olefin-to-alkylidene rearrangement is also known to proceed via the "H"-mediated 
mechanism shown in Scheme 1.3. This was first observed in the "[(Me3SiNCH2CH2);N]Ta" 
system, where the ethylene complex was found to rearrange to the ethylidene tautomer in the 
presence of catalytic amount of P~PH? .~ '  In Wolczanski's (t-B~;siO)~Ta nd (t-B~,siO)~Nb 
Scheme 1.3. "H"-catalyzed olefin-to-alkylidene rearrangement. 
complexes, on the other hand, CH-activation of one of the methyl groups of the silox ligand 
furnishes the proton required for the rea~tion.~'." Chapter 4 of this thesis describes our attempts 
to observe the analogous PhPHz-catalyzed tautomerization of [(3,5-C12 
c ~ H ~ N c H ~ c H : ) ~ N ] T ~ ( ~ ~ - c ~ H ~ ) ,  as well as the synthesis and characterization of various 
organotantalum complexes supported by [(3,4,5-F;C~H~NCH~CH~):NM~]" and [(3,5- 
C I ~ C ~ H ~ N C  H ~ c H ~ ) ~ N ] ~ -  ligands. 
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CHAPTER 1 
Synthesis and Olefin Metathesis Studies of Tungsten Imido Alkylidene Complexes 
of the Type W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) 
A portion of this chapter has appeared in print: 
Lopez, L. P. H.; Schrock, R. R. "Formation of Dimers That Contain Unbridged W(IV)/W(IV) 
Double Bonds" J. Am. Chem. Soc. 2004,126,9526. 
and was submitted for publication: 
Sinha, A.; Lopez, L. P. H.; Schrock, R. R.; Hock, A. S.; Miiller, P. "Reactions of M(N-2,6-i- 
Pr&H3)(CHR)(CHIR1)2 (M = Mo or W) Complexes with Alcohols to Give Olefin Metathesis 
Catalysts of the Type M(N-2,6-i-PrzC6H3)(CHR)(CHfl)(OR")" Organometallics 2005, 
Szl bmitted. 
INTRODUCTION 
Neutral four-coordinate complexes of the type M(NAr)(CHR)(OR1)? (M = Mo, W) have 
emerged in recent years as one of the two most important classes of olefin metathesis catalysts in 
use.' The reactive moiety in these catalysts is the metal-carbon double bond, with the metal in its 
highest possible oxidation state, M(V1). The catalyst design allows for fine-tuning of the 
reactivity through the appropriate choice of the metal and ligands. The ligands are chosen with 
the goals of providing steric protection to and modulating the electrophilicity of the metal center 
in mind. Design of the catalyst can then be tailored to achieve the desired function and 
reactivity2 Moreover, the modularity of the catalyst design has allowed the synthesis of a large 
number of catalysts with wide-ranging reactivities. In fact, a library of catalysts has been 
obtained from the various combinations of imido and alkoxide ligands.' Asymmetric catalysts 
have also been developed using chiral bidentate ligand~.~-" 
High-yield routes to M(NAr)(CHR)(OFQ complexes are now well doc~rnented.~~~" 
However, the synthetic routes are far from straightforward, and leave room for improvement. A 
significant amount of work in our group has therefore been devoted to the development of more 
convenient approaches to these compounds. A potentially convenient variant of the synthesis of 
M(NAr)(CHR)(OR')2 complexes (R = C-t-Bu or CMe2Ph) consists of addition of two equivalents 
of a relatively acidic alcohol to M(NAr)(CHR)(CH2-t-Bu):. This route is particularly attractive 
since the reaction evolves neopentane as the only by-product, and could allow in situ preparation 
and high-throughput screening of the catalysts so that optimization of activity for a given type of 
substrate can be conveniently explored. 
In the process of verifying the feasibility of this route, Amritanshu Sinha discovered that 
MO(NA~)(CH-~-BU)(CH~-~-BU)~ (Ar = 2.6-iPr2C6H3) reacts with one equivalent of ROH (ROH = 
1-Adamantanol, t-butanol) to give stable and isolable Mo(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) 
Ar Ar 
I 
N 
I 
N 
I I ROH I I 
t - B u \ \ \ \ l \ l t - ~ o w  t-BU t-Bu\\,,l\llb~o -t-Bu 
f 4' RO CH3-t-BU t-BU 
Reaction 1.1. MO(NA~)(CH-~-BU)(CH~-~-BU)~ and ROH. 
complexes (Reaction 1.l).l3 A closely related compound Mo(N-t-Bu)(CH-t-Bu)(CH2-t- 
Bu)(OSiPh,), reported by Osbom and coworkers, was similarly obtained through addition of 
Ph3SiOH to MO(N-~-BU)(CH-~-BU)(CH~-~-BU)~.~~ Although Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) 
complexes do not react rapidly with another equivalent of ROH to give the desired 
Mo(NA~)(CH-~-BU)(OR)~, these compounds are by itself potentially interesting olefin metathesis 
catalysts. Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) may be viewed as a variation of the bisalkoxide 
catalysts, wherein one of the alkoxide groups is replaced by a neopentyl group. The compound 
has now an unsymmetrically substituted metal and the use of enantiomerically pure, bulky 
alkoxide ligands could potentially lead to isolable chiral catalysts. 
The promising results obtained in metathesis reactions using Mo(NAr)(CH-t-Bu)(CHz-t- 
Bu)(OR) complexes compelled us to explore the synthesis and olefin metathesis reactivities of 
their tungsten analogs. We were particularly interested in the effect of metal substitution in the 
reactivity and stability of tungsten complexes compared to molybdenum. Note that substitution 
of the molybdenum center with tungsten in M(NAr)(CHR)(OR')? complexes enabled the 
8.15,16 characterization of otherwise unobservable metallacyclic intermediates, which proved to be 
crucial in understanding the behavior of our catalyst system. 
Olefin metathesis catalysts of the type W(NAr)(CHR)(CH2R')(OR1') are not completely 
unknown. For instance, the crystallographically characterized tungsten complex [W(NAr)(CH-t- 
BU)(CH~-~-BU)]~(~-  ~ i h e n ) ,  l 7  shows two tungsten imido neopentyl neopenty lidene moieties 
bridged by a biphenolate ligand (Figure 1. I) .  This compound was reported to be catalytically 
active for the ring closing of N,N-diallyl-p-toluenesulfonamide detailed in Reaction 1.2, 
providing 52% conversion in 20 hours at room temperature. Its efficiency in enantioselective 
reactions, however, was not investigated. 
Figure 1.1. [W(NArl)(CH-t-Bu)(CH?-t-Bu)]?(p-Biphen). 
- - 
I 5 mol% catalyst 
20 h, rt 
I 
Reaction 1.2. Ring closing reaction catalyzed by [W(N Ar)(CH-t-Bu)(CH2-t-Bu)l2(p-Biphen). 
This chapter provides an account of the synthesis of W(N-Ar)(CH-t-Bu)(CHz-t-Bu)~, its 
reactions with various alcohols, and the olefin metathesis activity of the resulting W(NAr)(CH-t- 
Bu)(CH2-t-Bu)(OR) complexes. Alternate routes to W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) are also 
discussed. 
RESULTS AND DISCUSSION 
1.1 Synthesis of W ( N A ~ ) ( C H - ~ - B ~ ) ( C H ~ - ~ - B U ) ~  (Ar = 2,6-iPr2C6H3) 
w(NAr)(cH-t-B~)(cH~-t-Bu)~ (Ar = 2,6-iPr2ChH3) is a known compound which was 
previously synthesized in six steps starting from ~ ~ 1 6 .  The scheme involves the preparation of 
W(NAr)(CH-t-Bu)(Cl):(dme), which is allowed to react with two equivalents of t-BuCH.MgC1 
in the final step (Scheme I .  1). 
TMS20 1. ArNCO, octane, reflux 2 LiO-t-Bu 
wc16 - WOC14 W(NAr)Cl,.OEt, - 
CH2Cl2 2. recrystallize in Et20 Et20/THF 
2 t-BuCH2MgC1 PC1 ,- 
W(NA~)(O-~-BU)~C~~(THF) W(NA~)(O-~-BU)~(CH~-~-BU)~(THF) 
E t 2 0  drne 
N 
NAr 2 t-BuCH2MgC1 I I t -Bu\ \ ( l~ l l lun  ~ ~ t - ~ u  
* 
Et,O f t-BU 
Scheme 1.1. Six-step synthesis of W(NAr)(CH-t-Bu)(CH2-t-Bu)? from WC16. 
W(N Ar)(CH-t-Bu)(C H?-~-BU)~ may also be prepared through the alkylation of 
W(NA~)(CH-t-~u)(O~f)2(dme)," the widely used precursor for the bisalkoxide catalysts, 
W(NAr)(CH-t-Bu)(OR)> The general synthetic strategy for the preparation of W(NAr)(CH-t- 
Bu)(OTQ2(dme) and its subsequent reaction with t-BuCHzMgC 1 is outlined in Scheme 1.2. 
2 TMS20 ArNH? 2 t-BuCH2MgC1 W C I ~  W O ~ C I ~  r W(NAr)2Cl,(dme) ). 
Ck-I2C'l3 2,6-lutidine, TMSCl Et20 
dme 
\ OTf 
I 
N 
TfOH 
W(NAI-)~(CH~-~-BU)~  
I I 
t - B u \ g s l ~ l o W ~  t-Bu 
drne Et,O f 
Scheme 1.2. Five-step route to W(NAr)(CH-t-Bu)(CHz-t-Bu)? from WC16. 
More recently, it was demonstrated that W(NAr)(CH-t-Bu)(CHz-t-Bu): may be prepared 
straightforwardly from the reaction between W(NA~)CI~(E~?O)  and four equivalents of 
~ - B u c H ~ M ~ c ~ . ' ~  The utility of this method on preparative scale, however, was limited by the 
presence of significant quantities of W(NAr)(CH2-t-Bu)3Cl in the product. The use of more 
aggressive alkylating agent, LiCHz-t-Bu, afforded W(NAr)(CH-t-Bu)(CH2-t-Bu): in quantitative 
yield. The product, however, was consistently obtained as red-brown oil. 
Improvement in the synthesis of W(NAr)(CH-t-Bu)(CHz-t-Bu): was achieved by direct 
alkylation of W(NAr)C14(Et20) with 3 equivalents of t-BuCHzMgCl in pentane at -78 "C to give 
w(NAr)(cH?-t-B~)~cl as an isolable yellow powder in 35% yield (Scheme 1.3). The relatively 
low yield of the reaction is a consequence of the extreme solubility of w(NAr)(cH:-t-B~)~cl in 
common organic solvents which complicates its isolation from other highly soluble side-products 
of the reaction [e.g. W(NA~)(CH-~-BU)(CH~-~-BU)~].  The 'H NMR spectrum of W(NAr)(CH2-t- 
Bu)3Cl suggests a pseudo-trigonal bipyramidal structure, with three equivalent equatorial 
neopentyl groups = 2.48 ppm in C6Db), and the imido and chloride ligands in apical 
positions. Further a1 kylation of W(N Ar)(C H2-t-Bu);Cl with LiCHz-t-Bu gave the desired 
W(NAr)(CH-t-Bu)(CH2-t-Bu)2 as a yellow-orange powder in virtually quantitative yield. The 'H 
NMR spectrum of the product obtained is consistent with the reported spectroscopic data, with 
3 t-BuCH2MgCI 
W(NAr)C14(Et20) m W(NAr)(CH,-t-Bu),Cl 
pentane 
-78 O C  to rt yellow powder 35 O/o yield 
ycl low-orange powder 
quantitative yield 
Scheme 1.3. Direct synthesis of W(NA~)(CH-~-BU)(CH~-~-BU)~. 
the alkylidene proton observed as a sharp singlet at 6.74 ppm (JtIw = 15Hz) in C6D6 (300 
MHz). l '  Scheme 1.3 is related to the synthesis of the analogous W(NP~)(CH-~-BU)(CH~-~-BU)~ 
via W(NP~) (CH~-~-BU)~C~,~ '  and is also reminiscent of the widely used approach in the synthesis 
of tantalum pentaalkyls and alkyValkylidene complexes.20 
1.2 Reactions of W(NA~)(CH-~-BU)(CH~-~-BU)~ with ROH 
W(NA~)(CH-~-BU)(CH~-~-BU)~ prepared using Scheme 1 -3 was treated with various 
alcohols in order to determine the feasibility of obtaining W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) 
complexes via this route. Similar to what has been observed for the analogous molybdenum 
complex,lJ the reaction of w(NAr)(cH-t-B~)(cH~-t-Bu)~ with one equivalent of alcohol in 
pentane or benzene at room temperature gave two types of products: (A) W(NAr)(CH?-t- 
Bu);(OR) and (B) W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) (Scheme 1.4). Table 1.1 lists the pK, (in 
H20) values2'-" of the alcohols reacted with W(N Ar)(CH-t-Bu)(CH2-t-Bu)2, as well as their 
corresponding product(s). It is evident that the nature of the product obtained correlates well with 
the acidity of the alcohol used. Fairly acidic alcohols (C6F50H and HOC(C;F3);) give 
W(NA~)(CH~-~-BU)~(OR) as the exclusive product, while weakly acidic ones generally yield the 
desired W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR). Among the alcohols screened for this reaction, only 
(H)(CF;)?COH gave a mixture of A and B. 
Scheme 1.4. Reaction of W(NAr)(CH-t-B~i)(CH2-t-Bu)2 with ROH. 
Table 1.1. pK, in water of the alcohols reacted with w(NAr)(cH-t-Bu)(cH?-t-B~)~ 
and their corresponding product(s) 
Product 
A 
A  
A + B  
I3 
B 
B 
B 
B 
ROH 
C6Fj0H 
(CF3);COH 
(H)(CF;)zCOH 
Me(CF;)?COH 
2,6-iPr2ChH;OH 
Me2(CF3)COH 
Me;COH 
1 -Adamantan01 
pKa (in H20) 
5.5 
5.4 
9.3 
9.8 
11 
12.6 
19.2 
18 
The room temperature reaction between w(NAr)(cH-t-B~)(cH?-t-Bu)~ and highly acidic 
alcohols such as HOC(CF& and HOChF5 (pKa7s in H20 = 5.4 and 5.5, respectively) to give the 
corresponding W(NAr)(CHz-t-Bu)3(0R) complexes presumably occurs via the protonation of the 
highly nucleophilic C, of the neopentylidene ligand by the incoming alcohol (Reaction 1.3). The 
Ar Ar 
I 
N 
I 
N 
1 I ROH 
t - B u \ \ \ \ l ~ ~ ~ a s  W- t-BU 
I I 
w f pentane, rt t-BU 
t- BU t-BU 
Reaction 1.3. W(NAr)(CH?-t-Bu)3(OR) from W(NA~)(CH-~-BU)(CH~-~-BU)~ and ROH. 
'H NMR spectra of the resulting W(NAr)(CH2-t-Bu);[OC(CF3)31 and W(NAr)(CH:-t- 
Bu);(OCa5) complexes are exceedingly similar. W(NAI-)(CH~-~-BU)~[OC(CF~)~], isolated as 
yellow rnicrocrystals, shows singlets at 2.20 ppm (6, JHW = 10.5 HZ) and 1.13 ppm (27 H's) 
assigned to methylene and methyl protons of the three equivalent neopentyl groups. The 
OC(CF3)3 appears as a singlet at -70.9 ppm in the ' 9 ~  NMR spectrum. The highly soluble yellow, 
crystalline W(N Ar)(CH2-t-Bu);(OChF j) likewise has three equivalent neopentyl groups giving 
rise to resonances at 2.25 ppm (s, 6, JHW = 9.3 Hz) and 1.12 ppm (s, 27) in the 'H NMR. The five 
fluorine atoms on the OC& ring appear as three sets of resonances in the 1 9 ~  NMR spectrum. 
The equivalence of the three neopentyl groups in these compounds suggests pseudo-trigonal 
bipyramidal geometry about the metal center, with the three neopentyl groups in the equatorial 
positions, and axial imido and alkoxide ligands. Note that the analogous Mo(NAr)(CHz-t- 
B u ) ~ ( O C ~ F ~ )  has been crystallographically characterized and was found to have pseudo-trigonal 
bipyramidal geometry about the molybdenum.'" 
Treatment of w(NAr)(cH-t-B~)(cH~-t-Bu)~ with one equivalent of weakly acidic 
alcohols (ROH = 1-adamantanol, Me;COH, Me2(CF3)COH, Me(CF3)2COH, 2,6-iPr2C6H;OH) in 
pentane at 25 "C afforded isolable complexes of the type W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR.) as 
yellow to yellow-orange powders with concomitant evolution of neopentane gas (Reaction 1.4). 
The neopentylidene moiety is confirmed by the presence of a singlet in the alkylidene region of 
the 'H NMR spectrum (8-10 ppm, JHW = 14-16 Hz), and a doublet at 250-260 ppm (JCH = 110 
Hz) in the ' ~ - c o u ~ l e d  13c NMR spectrum. In the absence of molecular mirror plane of 
symmetry, the two methylene protons of CHz-t-Bu are diastereotopic and appear as two doublets 
in the 'H NMR. 
Ar Ar 
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Reaction 1.4. W(NAr)(CH-t-Bu)(CH?-t-Bu)(OR) from w(NAr)(cH-t-B~)(cH~-t-Bu)~ and ROH. 
The reaction shown in Reaction 1.4 may be deemed as occurring via the direct addition of 
the ROH across the W-C bond. Another possibility is the protonation of the C, of the 
neopentylidene ligand to yield an unobservable W(NAr)(CHz-t-Bu);(OR), which readily loses 
neopentane to give W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR). A. Sinha has shown, however, that 
Mo(NAr)(CHCMezPh)(CH2-t-Bu)? reacts with 1 -adamantan01 or t-butanol to give 
Mo(NAr)(CHCMe2Ph)(CH2-t-Bu)(OR) exclusively, instead of a statistical mixture of 
Mo(NAr)(CHCMe2Ph)(CH2-t-Bu)(OR), Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) and Mo(NAr)(CH- 
~-Bu)(cH~cM~~P~)(oR)."  This suggests that the incoming alcohol adds directly across the 
Mo-C bond of Mo(NAr)(CHR')(CH?R")t to give Mo(NAr)(CHR')(CH2R")(OR). At this stage, 
it is assumed that the same holds true for the analogous reactions of tungsten complexes. From 
Table 1.1, it can also be deduced that highly acidic alcohols tend to protonate the alkylidene a- 
carbon, while weaker alcohols preferentially add across the W-C bond. It is likely that with 
more acidic alcohols, protonation of the alkylidene C, precedes binding of the alkoxide to the 
metal center. In cases where the alcohol has high pKa, the more nucleophilic ROH presumably 
binds to the metal center prior to the migration of the proton to the C, of the alkyl group. It is not 
yet clear why this should be the case, nor can it be assumed that the imido group is not involved 
in such reactions. Notably, although there are three nucleophilic centers in W(NAr)(CH-t- 
Bu)(CH*-~-BU)~ (imido nitrogen atom, alkylidene a-carbon and methylene carbon of neopentyl 
group) which can be protonated by the alcohol in these reactions, protonation of imido nitrogen 
is yet to be observed. We therefore became interested in determining the effect of variation of the 
nature of imido group on the reactivity of complexes of the type W(NR)(CH-t-Bu)(CHt-t-Bu)? 
with alcohols. 
A readily accessible variation of the 2,6-iPr2ArN (ArN) ligand is one that contains methyl 
groups instead of isopropyl groups in the ortho positions (Ar' = 2.6-Me2C6H3). Although a 
number of bisalkoxide complexes of the type W(NA~')(CH-~-BU)(OR)~ have already been 
reported, W(NArt)(CH-t-Bu)(CH2-t-Bu)? is unknown. Attempts to synthesize this compound 
using the method analogous to Scheme 1.3 were not very successful. Alkylation of 
~ ( ~ ~ r ' ) ~ l ~ ( t h f ) * ~  wi h 3 equivalents of t-BuCH2MgC1 at -78 "C consistently gave < 10% yield of 
W(NA~')(CH~-~-BU)~C~. Significant amounts of W(NA~')(CH-~-BU)(CH~-~-BU)~ were always 
formed presumably as a consequence of the lesser steric protection afforded by the NAr' ligand. 
The preparation of W(NA~')(CH-~-BU)(CH~-~-BU)~ was therefore carried out using the synthetic 
strategy akin to that outlined in Scheme 1.2. The 'H NMR spectrum of W(NArf)(CH-t-Bu)(CHZ- 
t-Bu):, obtained as a yellow-orange powder, shows a singlet at 6.87 ppm (JHP = 16 HZ) for the 
neopentylidene proton. This is comparable to alkylidene Ha resonance of 6.74 ppm observed for 
W(NA~)(CH-~-BU)(CH~-~-BU)~, and 6H, = 6.6 1 ppm reported for 
W(NP~)(CHCM~~)(CH~CM~~)~,'~ which was obtained as red oil from the reaction between 
W(NPh)(CH2CMe3)3Cl and LiCH2CMe;. 
Similar to w(NAr)(cH-t-B~)(cH~-t-Bu)~,  W(NA~')(CH-~-BU)(CH~-~-BU)~ reacts with 
one equivalent of alcohol at room temperature to give either W(NArf)(CH-t-Bu)OR) or 
W(NArf)(CH-t-Bu)(CH2-t-Bu)(OR) depending on the pK, of the alcohol used. For instance, 
NMR scale reactions of w(NAr')(cH-t-B~)(cH?-t-Bu)~ with HOC(CF3);, HOCbFs and 
HOC(CF3)2(H) cleanly gave the corresponding W (NArl)(CHz-t-Bu)j (OR) complexes. 
W(NAr')(CH-t-Bu)(CHz-t-Bu)(OR) complexes were obtained when ROH = HOCMej, 
HOCMe(CF3)2 and HO-2,6-iPr2C6H3. Among the alcohols screened for this reaction, only 
HOCMez(CF3) gave a mixture of the two types of products. Note that protonation of the imido 
nitrogen was yet again not observed in these reactions. Preliminary results showed however, that 
the W(NArf)(CH-t-Bu)(CH2-t-Bu)(OR) complexes are generally not as robust as their NAr 
analogues (see Chapter 2). Hence, their isolation and complete characterization were no longer 
pursued. 
1.3 Conversion of W(NAr)(CHz-t-Bu)30R to W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) 
Heating solutions of W(NAr)(CHz-t-Bu)30R (OR = OC(CF3)3 and 0C6F5) at 60 OC in 
benzene or toluene gave the desired W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) species with 
accompanying evolution of neopentane gas (Reaction 1.5). Note that these compounds fall under 
the class B type of compound described in Scheme 1.4. W(NAr)(CH-t-Bu)(CHz-t- 
Bu)[OC(CF3);], isolated as a yellow powder, shows a singlet at 9.39 ppm (JHW = 15 HZ) and a 
Reaction 1.5. Conversion of W(NAI-)(CH~-~-BU)~OR to W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR). 
doublet at 263.3 ppm (JCH = 107 HZ) in its 'H and 'H-coupled "C NMR spectra, respectively, 
consistent with the presence of an alkylidene moiety. Proton and "C NMR spectra of 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(OChFs) in chDh, on the other hand, show resonances at 9.29 ppm 
(JHW = 15 HZ) and at 260.5 (JCH = 105 HZ) for the neopentylidene ligand. Note that 
W(NAr)(CH-t-Bu)(CH?-t-Bu)(OChF5) was obtained in good yields only by heating dilzite 
solutions (<0.05 M) of W(NAr)(CH2-t-Bu);(OC&). Initial attempts to isolate W(NAr)(CH-t- 
Bu)(CHz-t-Bu)(OC6F5) by heating highly concentrated solutions of W(NAr)(CH2-t-B~~)3(OC6F5) 
gave mostly [W(NAr)(CH2-t-Bu)(OC6F5)]2, the bimolecular decomposition product of 
W(NAr)(CH-t-Bu)(CH2-t-BU)(OC6F5) (see Chapter 2). 
The conversion of W(NA~)(CH?-~-BU)~OR. to W(NAr)(CH-t-Bu)(CH?-t-Bu)(OR) at 
60 "C was followed by 'H NMR spectroscopy. The plots of ln[W(NAr)(CHz-t-Bu)3(OR)] versus 
time were linear, consistent with a unimolecular mechanism. Compound W(NAr)(CH2-t- 
Bu)~[OC(CF~)~] is converted to W(NA~)(CH-~-BU)(CH~-~-B~)[OC(CF~)~] at 60 OC in CnD6 with 
a rate constant of 17 x i'. The corresponding first order rate constant for OR = OC6F5, on 
the other hand, was 7.0 x i1 in C6Dh at 60 OC. Therefore, the rate of a-hydrogen abstraction 
is accelerated by a factor of -2.5 in going from OCnFs to the more bulky OC(CF3);. This 
observation is consistent with previous observations that steric effects favor a-hydrogen 
abstraction.263z7 At 80 "C in toluene-dg, the conversion of W(NAr)(CHz-t-Bu);[OC(CF3)3] to 
W(NA~)(CH-~-BU)(CH~-~-BU)[OC(CF~)~] occurs at a rate of 43 x s-'. If we loosely assume 
that these rates are independent of the solvents used (C6D6 and toluene-d8), then increasing the 
temperature from 60 "C to 80 "C increases the rate of intramolecular a-hydrogen abstraction of 
W(NAr)(CHz-t-Bu);[OC(CF;);] by a factor of 2.6. 
Interestingly, heating a solution of W(NAr)(CHz-t-Bu);Cl gave W(NAr)(CH-t-Bu)(CHa- 
t-Bu)Cl in addition to neopentane gas. Considering what is known about the need for bulky 
ligands to form stable tetrahedral Mo and W species,?t was a pleasant surprise to find that 
W(NAr)(CH-t-Bu)(CH2-t-Bu)C1 is actually a fairly stable compound. It has been isolated, albeit 
only as an oil, and fully characterized. Its 'H and 'H-coupled 13c NMR spectra in C6Db show a 
singlet at 8.83 pprn (JHW = 16 HZ) and a doublet at 261.0 ppm (JCH = 114 HZ, JCW = 171 HZ), 
respectively, consistent with the presence of an alkylidene moiety. The diastereotopic methylene 
protons appear at 2.84 and 1.87 ppm (JHH = 15 HZ). 
The conversion of W(NAr)(CH2-t-Bu);Cl to W(NAr)(CH-t-Bu)(CHat-Bu)Cl at 60 OC in 
C6Db was followed by ' H  NMR. The plot of ln[W(NAr)(CH2-t-Bu);C1] versus time is likewise 
consistent with a unimolecular mechanism, and the 1" order rate constant was found to be 11 x 
s-I. This value is intermediate between those observed for W(NAr)(CH2-t-Bu)z[OC(CF3)3] 
and W(NAr)(CH?-t-Bu);(OC6F j). 
1.4 Routes to W(NAr)(CH-t-Bu)(CHr-t-Bu)(OR) 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) has been obtained in two ways: (a) reaction between 
w(NAr)(cH-t-B~)(cH~-t-Bu)~ and ROH (Reaction 1.4), and (b) intramolecular a-hydrogen 
abstraction of W(NAr)(CHz-t-Bu);(OR) (Reaction 1.5). With the synthesis of W(NAr)(CH2-t- 
Bu)3C1? a third route to W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) became accessible. This is the direct 
reaction between W(NAr)(CHz-t-Bu);Cl and the lithium salt of the alkoxide (Reaction 1.6), 
which circumvents the need to prepare w(NAr)(cH-t-B~)(cH~-t-Bu)~. Using this method, 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) complexes with OR = OCMe2CF3, OCMe(CF3)2, 
OC(H)(CF3)? and OCMe, were prepared. W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMe3), W(NAr)(CH- 
t-Bu)(CH2-t-Bu)(OCMe2CF3) and W(NA~)(CH-~-BU)(CH~-~-BU)[OCM~(CF;)~] were isolated as 
yellow powders, while W (NAr)(CH-t-Bu)(CHz-t-Bu)[OC(H)(CF;)21 has been obtained only as a 
red oil. The spectroscopic properties of the W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes 
prepared using this method are identical in all respects to those of the samples obtained from the 
reaction between W(NA~)(CH-~-BU)(CH~-~-BU)~ and ROH. 
LiOR 
60 "C, benzene I I 
t -Bu\ l \ \ \ l~ l la  W- t-BU 
t-Bu RO 4' 
CH3-t-BU 
t-Bu OR = OCMe(CF3)?, OCMe2CF3 
OC(H)(CF3)?, OCMc3 
Reaction 1.6. Reactions of W(NAr)(CHl-t-Bu);C1 with LiOR. 
1.5 Spectroscopic Properties of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes 
The alkylidene proton and carbon resonances of complexes of the general type 
W(NAr)(CH-t-Bu)(CH:-t-Bu)(G) (G = CH2-t-Bu, C1, OR), summarized in Table 1.2, are well 
76 77 79 
within the range expected for high oxidation state alkylidene complexes,- - ' +  and comparable 
to those reported for W(NA~)(CH-~-BU)(OR)~ complexes.21" Note that the Ha alkylidene 
resonances for G = C1 and OR are shifted 2 to 3 ppm downfield relative to that of W(NAr)(CH-t- 
Bu)(CH2-t-Bu)?. The Ha and Ca chemical shifts progressively become more downfield in the 
order OCMe3 < OCMe2CF; < OCMe(CF3)? < OC(CFI)3. These trends are what one might expect 
on the basis of the relative electron-withdrawing ability of the ligand G, assuming that the 
variation in the chemical shift is a consequence only of the changes in charge density as a result 
of the inductive effects of G. However, the JCH values vary little with the nature of the ligand, G. 
This is in contrast to the related Ta chemistry, where the JCH varies markedly with the nature of 
the anionic ligand."'"' Note though, that the JcEI values reported for W(NAr)(CH-t- Bu)(OR)? 
complexes are likewise relatively invariant.',' 
43 
Table 1.2. Distinguishing alkylidene resonances of W(NAr)(CH-t-Bu)(CHz-t-Bu)(G) complexes. 
Tungsten imido alkylidene complexes may exist in either syn or anti stereoisomeric 
forms, referring to the orientation of the alkylidene t-Bu substituent relative to the imido ligand 
(Figure 1.2). These rotational isomers are readily detected and differentiated by NMR. Empirical 
studies on W(NA~)(CH-~-BU)(OR)~ complexes have established that in general, the Ha 
alkylidene resonance of the syn isomer appears between 6-12 ppm, while the typically minor anti 
isomer, if observable, appears 1-2 ppm downfield of the syn Ha resonance. Moreover, distinct 
W-satellites are observed for the syn isomer (JHW = 11-16 Hz), but not for the anti rotamer (JHW 
< 5 Hz). The carbon-hydrogen coupling constant, JCH, is also a reliable method of identifying 
the isomers. The syn isomer is characterized by a relatively low JCH of 102-125 Hz, while for the 
anti isomer, it is typically 135-160 HZ." The spectral values shown in Table 1.2 therefore 
suggest that the W(N Ar)(CH-t-Bu)(CH2-t-Bu)(OR) obtained are predominantly, if not 
syn anti 
Figure 1.2. Syn and Anti rotamers of W(NAr)(CH-t-Bu)(CH2-t-Bu)(G). 
exclusively, the syn isomer. The syn rotamer is 
presumably the preferred configuration partly N 
I I 
because of the additional stabilization due to 'Bu 
agostic intera~tion'~ between the alkylidene 
ChH, bond and the metal ~ e n t e ? ~  (Figure 1.3), H 
one that is not possible in the anti rotamer. Figure 1.3. a-Agostic interaction proposed 
to exist in syn alkylidene complexes. 
1.6 Reactions of W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) with Olefins: Olefin Metathesis Studies 
The reactivity of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes with (a) terminal olefin, 
(b) internal olefin, and (c) strained cyclic olefin was examined. The ring closing of diallyl ether 
to dihydrofuran and ethylene was the benchmark reaction used to evaluate the effectiveness of 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes as catalysts for the metathesis of terminal olefins. 
The reactions were carried out in C6D6 in a J - Y O U ~ $ ~  NMR tube at room temperature and the 
conversion determined by 'H NMR after 20 minutes of reaction time. The results obtained using 
5 mol% catalyst loading (unless otherwise noted) are summarized in Table 1.3. 
The results are fairly consistent with the known dependence of the catalytic activity on 
the electrophilicity of the metal center,' and in this case, on the electron-withdrawing ability of 
the ligand G. The precursor compound, with the relatively electron-donating CH2-t-Bu goup as 
G, showed no catalytic activity for the test substrate even after several hours both at room and at 
elevated temperatures. The results also confirmed that alkoxide ligands are more effective in 
promoting metathesis activity relative to the chloride ligand? Although chloride is a sufficiently 
electronegative ligand, it is believed that their tendency to bridge metals and promote rapid 
disproportionation encourage side reactions that destroy the catalyst. For the alkoxide 
complexes, the reactivity increases as one goes from 0-t-Bu to the progressively more electron- 
withdrawing and at the same time bulkier fluorinated ligands in W(NAr)(CH-t-Bu)(CHz-t- 
BU)[OCM~,(CF~)~_,] (x = 0 to 3). Clearly, more electron-deficient metal centers give rise to more 
active catalysts. 
The markedly different reactivities of W(NA~)(CH-~-BU)(CH~-~-BU)[OC(C:F~)~] and 
W(Nk)(CH-t-Bu)(CH2-t-Bu)(OC6F5) complexes is most likely a consequence of the greater 
protection against bimolecular decomposition of intermediate alkylidenes afforded by the 
5 mol% catalyst 
20 min, rt 
T c 
Table 1.3. Catalytic activity of W(NAr)(CH-t-Bu)(CHz-t-BuhG for the ring closing 
metathesis of diallylether. 
* obtained using LO mol% catalyst loading 
G 
CHz-t-BU 
C1 
OCMe3 
OCMe2CF3 
OC Me(C F3)2 
OC(CF;); 
OC6F j 
0 - 2 , 6 - ' ~ r ~ ~ h ~ ,  
significantly bulkier OC(CF3)3 ligand. Whereas essentially complete conversion was obtained 
when OR = OC(CF3)3, no further improvement in conversion was observed even after extended 
period of time when the alkoxide is the relatively small OC6F5. This suggests that within 
20 minutes, the catalyst was already inactive. In fact, the 'H NMR spectrum of the reaction 
mixture showed no evidence of residual alkylidene complex. The high catalytic activity of 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(0-2,6-iPr2C6Hj) can likewise be explained on the basis of the 
high stability of W(NAr)(CH-t-Bu)(CH2-t-Bu)(O-2,6-iPr2C6Hj) with respect to bimolecular 
decomposition. Evidently, 0-2,6-iPrzC6H3 provides good steric protection without the sacrifice 
of reactivity. These results provide an illustration of the importance of steric factor in the design 
of our catalysts. 
Using the two most promising catalysts, W(NAr)(CH-t-Bu)(CHZ-t-Bu)[OC(CF,)3] and 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(O-2,6-iPrZC6Hj, ring-closing metathesis of several other ether 
and amine substrates were examined. Rapid RCM transformations were observed and all 
% Conversion 
(after 20 min) 
0 
5" 
24 
35 
57 
95 
43 
96 
OR = OC(CF ;);. 0-7,6-iPr2ChH: 
~ 9 5 %  conversion 
Substrates Products 
(1) 
N 
(2 a) 
(2b) I I 
R R 
R = H. hle R = H. Me 
(3) 
Table 1.4. Various ether and amine substrates 
and their ring closing metathesis products 
reactions, collectively summarized in Table 1.4, proceeded to essentially complete conversion 
(>95%) within 20 minutes at room temperature using 5 mol% of either catalyst. These results are 
very encouraging and suggest that the catalysts employed are compatible with both ether and 
tertiary amine substrates. Moreover, formation of hindered tri-substituted olefinic products 
(entries 2-4), as well as 5-membered (1, 2), 6-membered (3), and 8-membered (4) unsaturated 
heterocycles, is achieved in extremely high conversion. Note however, that in all cases an 
additional 20 more equivalents of substrate were not metathesized even after longer reaction 
times, or even after heating. It is believed that the ethylene by-product of the ring-closing 
reactions most likely poisoned the catalysts and rendered them inactive. This is consistent with 
the known tendency of tungsten alkylidene complexes to form stable unsubstituted 
metallacyclobutane complexes in the presence of ethylene.s*'h*'h This formation of stable 
metallacyclobutane complexes is a central feature of tungsten-catalyzed metathesis chemistry 
which limits the application of tungsten catalysts, relative to their molybdenum analogs, in the 
metathesis of terminal olefms. Hence, it is important to consider carefully the conditions under 
which metathesis of terminal olefins is carried out. For instance, it would be advantageous to 
periodically release the ethylene generated by the reaction, or to cany out the reaction in an open 
vessel or under positive dinitrogeniargon pressure.3" 
The metathesis of cis-2-pentene was carried out in order to determine the reactivity of 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes with an internal olefin (Reaction 1.7). The same 
general trend in reactivity was observed: 0-2,6-iPrzC6H3, OC(CF;); > OCMe(CF3)? > 
OCMe2CF3 > OCMe;. Using 5 mol% catalyst loading, equilibrium was achieved within 20 
5 moll!i, 
toluene, rt 
1 2 1 
Reaction 1.7. Metathesis of cis-2-pentene. 
minutes at room temperature when OR = 0-2,6-iPrzC6H; and OC(CF;);, and 120 minutes when 
OR = OCMe(CF&. Equilibrium, however, was not established within a period of I day at 25 "C 
using the less active catalysts (OR = OCMe2CF;, OCMe3). Only 50% and 3Ooh of ci.s-2-pentene 
were metathesized/isomerized by OCMezCF, and OCMe, complexes, respectively. Although 
this may very well be due to the poor activity of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMefi) and 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMe3) with internal olefins, the possibility that decomposition 
of the intermediate alkylidenes take place before equilibrium was established cannot be 
completely ruled out. It is important to note that the organometallic decomposition product of the 
reaction between W(NAr)(CH-t-Bu)(CH?-t-Bu)(OR) and cis-2-pentene was isolated and 
structurally characterized in the case of OR = OC6F5 and OCH(CF3)*. Discussion of this 
decomposition reaction is deferred until Chapter 2. 
Norbornene is a prototypical strained cyclic olefin and its ring-opening metathesis 
polymerization (ROMP) (Reaction 1.8) is an excellent probe for the activity of potential 
catalysts. An effective ROMP catalyst must be sufficiently active to react with the monomer, yet 
mild enough not to react with the acyclic double bonds of the growing polymer chain. This 
ROMP 
t 
Reaction 1.8. Ring-opening metathesis polymerization (ROMP) of norbornene. 
"back-biting" (secondary metathesis) of the polymer, typically indicated by the change in the 
cisltrans ratio of the polymer over time, leads to broadened molecular weight distribution. In 
addition, if the rate of catalyst initiation (ki) is at least of the same order of magnitude as the rate 
of propagation (k,), then it is possible to control the average polymer length and the narrowest 
possible distribution of molecular weight is achieved.'5736 
The reaction of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes with norbornene was 
carried out and their potential as ROMP catalysts was evaluated on the basis of the 
aforementioned requirements. In general, norbornene was found to react with W(NAr)(CH-t- 
Bu)(CH2-t-Bu)(OR) complexes extremely rapidly. Ten equivalents of the monomer were 
polymerized almost instantly at room temperature. It is important to note that only a small 
percentage ( ~ 2 0 % )  of the catalyst is activated in all cases (Table 1.5), suggesting that k, << k,. 
Not surprisingly, the rate of propagation is faster than the rate of initiation because the 
propagating alkylidene is smaller, hence more accessible to the monomer compared to the 
neopentylidene complex. It is also apparent from Table 1.5 that the degree of initiation decreases 
Table 1.5. Dependence of % initiation and polynorbomene stereochemistry 
on the nature of alkoxide ligand 
OR I % initiation 1 % cis (l5min) I % cis (10h) I 
in the order OCMe3 > OCMe2CF3 > OCMe(CF& > OC(CF3);. This is yet again attributed to the 
OCMe; 
difference in the reactivities of the propagating alkylidene and the neopentylidene complex, 
which becomes more significant as the coordination sphere of the metal center becomes more 
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crowded as one goes from OCMe; to the progressively bulkier fluorinated t-butoxides. The very 
low percentage of initiation observed for W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMe;), however, was 
unexpected considering that 90% of the OCMe; complex, w(NAr)(cH-t-B~)(ocMe;)~, was 
reportedly consumed by reaction with 10 equivalents of norbomene.;' Note though that low 
catalyst initiation ( 15%)  was likewise observed for the analogo~ls Mo(NAr)(CH-t-Bu)(CHz-t- 
Bu)(OR) except when OR = 0ch~j.j~ 
It is clear from Table 1.5 that with the more reactive catalysts, the cis-content of the 
82 
polymer rapidly decreases over time. It is believed that the unreacted neopentylidene complex, as 
80 
well as the propagating alkylidene, undergoes secondary metathesis reactions with the internal 
double bonds of the newly formed polymer. The cis content of the polymers obtained using 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMe;) and W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCMe2CF3), 
however, changes only slowly with time, consistent with the low activity of these catalysts 
towards acyclic double bonds (vide supra). Hence, among the W(NAr)(CH-t-Bu)(CH2-t- 
Bu)(OR) catalysts screened for the ROMP of norbomene, OCMe; and OCMe2CF3 complexes 
hold the most promise. However, living behavior cannot be expected given the significantly 
faster rate of propagation relative to initiation. 
In the hopes of slowing down the rate of propagation relative to initiation, base-mediated 
ROMP reactions were investigated. Two equivalents of base (THF, 2,4-lutidine, quinuclidine 
and PMe;) were added to the catalyst solution prior to addition of the monomer. The presence of 
base was expected to modulate the reactivity of the propagating species by competitively binding 
to the catalyst. It was also expected that the base will preferentially bind to the propagating 
species relative to the neopentylidene complex because of steric reasons. Preliminary results 
obtained however, showed that the presence of two equivalents of base did not significantly 
retard the rate of propagation relative to the rate of initiation. W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) 
complexes did not undergo sufficiently rapid initiation with norbornene ( ~ 5 0 %  activation in all 
cases) even in the presence of base. For this reason, fiuther studies on base-mediated ROMP 
reactions were no longer pursued. 
1.7 Silica-Supported Catalysts 
Protonation of the alkylidyne ligands of W(C-~-BU)(CH~-~-BU);~ and W(C-t- 
Bu)~ l ; (dme)~~  complexes by the surface silanol has been utilized to prepare what was proposed 
to be silica-supported tungsten alkylidene ~ o r n ~ l e x e s . ~ ' - ~ ~  These materials proved to be highly 
active olefin metathesis catalysts. However, the alkylidenes formed are believed to be 
structurally complex, and the exact nature of the alkylidenes responsible for the observed 
metathesis activity is unknown. 
In the last couple of years, Basset, Coperet and co-workers have shown that 
organometallic complexes react with silica partially dehydroxylated at 700 OC (Si02.(illol) to yield 
well-defined mono-siloxy surface complexes via replacement of one of the M-C bonds by a 
M-OSi bond? For instance, [(=SO) W(C-t-Bu)(CHz-t-Bu)2] has been obtained from the 
44 
reaction between W(C-t-Bu)(CH2-t-Bu), and Si02-(700,. The specificity of the reaction between 
w(NAr)(cH-t-B~)(cH~-t-Bu)~ and alcohols (Reaction 1.4) has allowed Coperet to likewise 
attach W(NA~)(CH-~-BU)(CH~-~-BU)~ to Si02-(700) (Reaction 1.9).'j [(=SiO)W(NAr)(CH-t- 
Bu)(CHz-t-Bu)] is believed to have been formed based on the observed evolution of 
-1 equivalent of CH3-t-Bu per grafted tungsten complex, and the observed tendency of weak 
ROH to add across the W-C bond of W(NA~)(CH-~-BU)(CH?-~-BU)~ (vide supra). Silica may 
therefore be considered as a bulky OR ligand in the resulting surface-bound tungsten complex. 
The product obtained, which was found to be 4 wt% in tungsten, proved to be active in the 
metathesis of olefins. Catalytic runs using 950 equivalents of propene showed that the supported 
catalyst gave 15% conversion within 5 minutes (1440 ~ ~ ~ / h r ) . ~ % ~ u i l i b r i u m ,  however, was not 
reached as only 30% of propene was converted to products. The utility of the supported catalyst 
si, 
,*\\\'j q 
& ?  
I 
surface-bound W complex 
Reaction 1.9. Proposed reaction between Si02-(7W) and w(NAr)(cH-t-B~)(cH~-t-Bu)~. 
for the ring closing of diallyl ether was also determined. Using 5 mol% of the supported catalyst, 
35% conversion was achieved within 30 minutes at room temperature. This improved to 57% 
within 8 hours, after which no further improvement in conversion was observed. Note that 
complete conversion was not achieved in both cases. This is presumably due to the deactivation 
of the catalyst via reaction with the ethylene by-product of the reaction. Research is currently 
underway to determine the efficacy of the supported catalyst for the metathesis of internal 
olefins, as well as to characterize the catalyst at the molecular level. 
SUMlMARY AND CONCLUSIONS 
The research summarized here focused primarily on the successful synthesis and olefin 
metathesis studies of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes bearing different alkoxide 
groups. The alkoxide ligands were varied over a wide range of electronic and steric properties in 
an effort to obtain a diverse set of catalysts. W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes were 
obtained via three convenient routes: (a) reaction of W(NAr)(CH-t-Bu)(CH2-t-Bu): with one 
equivalent of weakly acidic alcohols, (b) a-hydrogen abstraction of W(NAr)(CH2-t-Bu);(OR) at 
elevated temperatures, and (c) direct reaction between W(NAr)(CH?-t-Bu);Cl and the lithium salt 
of the alkoxide. Collaborative works with the group of Coperet also led to silica-supported 
tungsten catalyst. 
The resulting W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes proved to be effective olefin 
metathesis catalysts. The reactivity and stability of which depend markedly on the combined 
effects of the electron-withdrawing ability and steric bulk of the alkoxide ligands. In standard 
ring-closing metathesis reactions of various ethers and tertiary amines, OC(CF;); and 0-2,6- 
iPr2C6H3 complexes were found to be the most active catalysts, giving essentially complete 
conversion to ring-closed product within 20 minutes at room temperature. The OC(CF3)i and 0 -  
2,6-iPr2C6Hi complexes also gave promising results for the metathesis of cis-2-pentene. The 0-t- 
Bu and OCMe2CF3 complexes, on the other hand, displayed low activity particularly with 
regular internal olefins. This makes them most suitable for use as catalysts for ROMP of 
norbomene. 
Although the observed reactivity of the tungsten complexes is comparable with that of 
their molybdenum analogs, a major drawback of the tungsten catalysts is their general tendency 
to form stable metallacyclobutane complexes in the presence of ethylene. 15.1 6.26 This limits the 
utility of tungsten catalysts, relative to their molybdenum counterparts, in the metathesis of 
terminal olefins. Notably, metallacyclobutane intermediates derived from W(NAr)(CH-t- 
Bu)(CH2-t-Bu)(OR) should be unsymrnetric at the metal, which stand in contrast to those derived 
from W(NA~)(CH-~-BU)(OR)~ complexes. Detailed investigations of the stability of these 
asymmetric metallacyclobutane complexes, particularly towards loss of olefin, should prove 
interesting. 
The next chapter will explore the bimolecular decomposition of tungsten alkylidene 
complexes, which leads to the formation of an interesting family of compounds. 
General. All air-sensitive work was carried out in a Vacuum Atmospheres dry box under a 
dinitrogen atmosphere or by standard Schlenk techniques. Commercially available chemicals 
were obtained from Strem Chemicals, Inc., or Aldrich Co. Solid reagents were used as received 
unless otherwise stated. Liquid reagents were distilled under dinitrogen, then freeze-pump-thaw 
degassed prior to use. Pentane, ether, toluene, benzene and tetrahydrofuran (THF) were sparged 
with dinitrogen and passed through columns of activated alumina. Dimethoxyethane (DME) was 
distilled from benzophenone ketyl before being freeze-pump-thaw degassed. All deuterated 
solvents were freeze-pump-thaw degassed. All solvents and liquid reagents were stored over 4 A 
molecular sieves prior to use. 'H NMR spectra were obtained on an instrument operating at 500 
MHz unless otherwise stated. I3c NMR spectra were obtained on an instrument operating at 125 
MHz, while "F NMR spectra were obtained on a 282 MHz instrument. All spectra were 
recorded at room temperature. 'H and 13C NMR data are listed in parts per million downfield 
from tetramethylsilane and were referenced using the residual protonated solvent resonance. "F 
NMR shifts are reported relative to C6Fh used as external reference. Elemental analyses were 
performed by Kolbe Microanalytical Laboratories (Miihlheim an der Ruhr, Germany). W(N-2,6- 
~ P ~ ~ C ~ H ~ ) C ~ ~ ( E ~ ~ O ) , "  W N - ~ , ~ - M ~ ~ C ~ H ~ ) C I ~ ( E ~ ~ O ) ~ ~  and ~-2,6-~e2~~~~):(~l)~(dme)~~ were 
prepared as described in the literature. W(N-2 ,~-~P~~C~H~)(CH-~-BU)(CH~-~-B~)~ is a known 
compound prepared using a different method. 
W(N-2,6-iPr2C6H3)(CH2-t-Bu)3Cl. To the rapidly stirred dark green solution of W(N -2,6- 
iPrZChH3)Cb(Et20) (10.40 g, 18.09 mrnol) in 300 rnL pentane at -78 OC was added dropwise 
37.4 mL of 1.45 M neopentylmagnesium chloride. The mixture was allowed to warm slowly to 
room temperature as it was being stirred. After which, the volatiles were removed in vucuo. The 
product was then extracted into 200 mL pentane, treated with activated carbon and stirred for 30 
mins. The mixture was filtered through a bed of Celite, and the solvent was removed from the 
filtrate in vaczlo. The yellow brown residue was collected on a frit, washed with 3 x 3 mL cold 
pentane and dried to give 3.8 g of a yellow powder (35 % yield): 'H NMR (CbD6) 6 7.08 (d, 2), 
6.96 (t, l), 4.05 (m, 2), 2.48 (s, 6, JHW = 9.6 Hz), 1.24 (d, 12), 1.23 (s, 27). Anal. Calcd. for 
WNC1C27Hj0: C, 53.34; H, 8.29; N, 2.3. Found: C, 53.26, H, 8.36, N, 2.31. 
W(N-2,6-iPr2CsH3)(CH-t-Bu)(CH2-t-Bu)2. Method (a). Neopentyl lithium (5.43 1 g, 
69.55 mmol) was added in portions to a rapidly stirred slurry of W(N-2,6-iPr2ChH3)Cl~(Etfi) 
(10.00 g, 17.39 mrnol) in 250 mL pentane at -30 OC. The dark green slurry slowly became 
yellowish-green and then orange brown as more neopentyl lithium was added. The mixture was 
stirred for 16h at room temperature and activated charcoal was added. The mixture was stirred 
for 30 more minutes, after which it was filtered through a bed of Celite. Removal of the solvent 
from the filtrate in vaczto afforded 9.4 g (97% yield) of a dark red-brown oil, which is >95% pure 
by NMR. Method (b). A solution of W(N-2,6-iPr2C6H3)(CH2-t-Bum (1.50 g, 2.47 mmol) in 50 
mL pentane was cooled to -30 OC, and into which was added 193 mg (2.47 mmol) neopentyl 
lithium. The reaction mixture was stirred overnight. After which, LiCl was filtered off, and the 
filtrate was concentrated to dryness to give 1.32 g of the product as a mustard yellow powder 
(94% yield): 'H NMR (C6Dh) 8 7.12 (m, 3), 6.74 (s, 1, JHW = 15 HZ), 3.93 (m, 2), 2.73 (d, 2, J H H  
= 14 HZ), 1.30 (d, 12), 1.21 (s, 27), 0.43 (d, 2, JHH= 14 HZ). 
W(N-~,~-~P~~C~H~)(CHI-~-BU)~ [O (CF3)3]. Perfluoro-t-butanol (54 pL, 0.39 mmol) was added 
to a rapidly stirred solution of W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)z (200 mg, 0.350 rnmol) 
in 10 mL pentane. After 60 min the solution was filtered and concentrated to dryness to yield the 
product as yellow microcrystals in 97% yield (275 mg): 'H NMR (C6D6) 8 7.05 (d, 2), 6.90 (t, 
I), 4.07 (m, 2), 2.20 (s, 6, JHW = 10.5 HZ), 1.25 (d, 12), 1.13 (s, 27); 1 9 ~  NMR (CD6) 6 -70.9 
ppm. Anal. Calcd. for WNOF9C3~HSo: C, 46.1 1 ; H, 6.24; N, 1.73. Found: C, 46.06, H, 6.28, N, 
1.57. 
W(N-2,6-iPrzC6H3)(CH2-t-B~)3(0C6F5). A solution of W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t- 
Bu)? (1.00 g, 1.75 mmol) in 20 mL pentane was treated with 1 equiv HOChFs (0.322 g, 1.75 
mmol). The mixture was stirred for 2h at room temperature, after which it was filtered and all 
volatiles were removed from the filtrate in vacuo. The residue was then collected on a fi-it and 
washed with 3 x 2 mL cold pentane to give the product as yellow microcrystals; yield 1.085 g 
(82%): 'H NMR (C6D6) 6 7.10 (d, 2), 6.96 (t, I), 4.15 (m,2), 2.25 (s, 6) (JHW = 9.3 Hz), 1.28 (d, 
12), 1.22 (s, 27); ' 9 ~  NMR (CbD6) 8 -157.6 (d, 2), -165.8 (t, 2), -171.5 (td, 1). Anal. Calcd. for 
bVNOF5C33HSO: C, 52.46; H, 6.67; N, 1.85. Found: C, 52.38, H, 6.54, N, 1.95. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-B~)[OC(CF)3]. A solution of 1.10 g (1 -36 mmol) W(N- 
2,6-iPr2C6H3)(CH2-t-B~)j[OC(CF3)j] in a minimum amount of benzene was heated at 60 O C  for 
6h. Volatiles were then removed in vaczio to give a yellow waxy solid in essentially quantitative 
yield: 980 mg, 98%. 'H NMR (C6D6) 6 9.39 (s, 1, JHW= 15 Hz), 7.05 (m, 3), 3.71 (m, 2), 2.66 (d, 
I, Jm = 15 Hz), 2.33 (d, 1, JIIH= 15 HZ), 1.27 (d, 6), 1.25 (d, 6), 1.12 (s, 9), 1.05 (s, 9); 1 9 ~  NMR 
(C6D6) 8 -74.2. "C NMR (C6D6) 6 263.3 ppm (W=C, JcH = 107 HZ), 152.23, 145.59, 127.55, 
123.59, 121.65 (q), 62.33, 47.01, 33.90, 32.96, 32.71, 29.19, 24.74, 23.94, 22.94. Anal. Calcd. 
for \YNOFC)C~~H~~: C, 42.46; H, 5.2 1; N, 1.9. Found: C, 42.36, H, 5.18, N, 1.94. 
W(N-2,6-iPr,C6H3)(CH-t-Bu)(CH2-t-Bu)(OC6F5). A solution of 2.00 g (2.65 mrnol) W(N-2,6- 
iPr2C6H3)(CH2-t-Bu)3(oc6FS) in 150 mL benzene was heated at 60 OC for 12h. After which, the 
solution was concentrated to dryness. The product was then taken up in 100 mL pentane and 
filtered. Removal of volatiles in vaczio gave a yellow powder which was collected on frit, 
washed with cold pentane and dried to give 1.5 g (88% yield) of the product. 'H NMR (ChD6) 6 
9.29 (s, 1, J l~w= 15 Hz), 7.10 (m, 3), 3.76 (m, 2), 2.80 (d, 1, JHlt = 15 Hz), 2.34 (d, 1, JHH = 15 
HZ), 1.28 (d, 6), 1.26 ( d  6), 1.21 (s, 9), 1.14(~, 9). ' 9 ~  NMR (C6D6) 6 -160.0 (d, 2), -1 64.2 (t, 2), 
-167.3 (td, 1). "C NMR (ChD6) 6 260.5 ( J C ~  = 105 HZ, Jew = 178 Hz), 152.5, 145.8, 145.2, 
141.4, 139.5, 137.4, 135.3, 127.3, 123.5, 61.8 (Jew = 123 HZ), 46.8, 34.0, 32.9, 29.6, 24.4, 23.7. 
Anal. Calcd. for WNOC~~H;~FS: C, 49.21 ; H, 5.60; N, 2.05. Found: C, 49.09, H, 5.5 1, N, 1.97. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(Cl). W(N-2,6-iPr2C6H3)(CH2-t-Bu);(C1) (500 mg, 
0.822 rnmol) was dissolved in minimum amount of benzene and heated at 60 O C  for 8h. The 
volatiles were then removed in vacuo to give a red oil which was pure by NMR. 'H NMR 
(toluene-d8, 500 MHz) 6 8.83 (s, 1, JHw = 16 HZ), 7.05 (m, 3), 3.74 (m, 2), 2.84 (d, I, JnH = 15 
HZ), 1.87 (d, 1, JHH = 15 HZ), 1.26 (d, 6), 1.24 (d, 6), 1.19 (s, 9), 1.09(~, 9). "C NMR (ChDh) 6 
261.0 ( J C ~  = 114 HZ, JCw = 171 HZ), 145.05, 127.55, 123.43, 71.84 (t) (Jew = 117 HZ), 62.33, 
47.32, 35.04, 33.90, 32.75, 29.35, 24.26, 23.98. Anal. Calcd. for WNC22H38Cl: C, 49.3 1; H, 
7.15; Cl,6.62; N,2.61. Found: C,49.24, H, 7.09,Cl, 6.71; N,2.68. 
Representative procedure for the reaction between W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t- 
Bu)~ and ROH to W(N-2,6-iPr2C6H3)(CH-t-Bu)(CHz-t-Bu)(OR). One equivalent of the 
alcohol was added to a solution of W(N-2,6-iPr2C6H;)(CH-t-Bu)(CHz-t-Bu)z in pentane and the 
resulting mixture was stirred for 8h at room temperature. Removal of the solvent in vacuo gave 
the crude product which may be repeatedly recrystallized in pentane to give the clean compo~md. 
Representative procedure for the reaction between W(N-2,6-iPr2C6H3)(CH2-t-Bu)3(Cl) and 
LiOR to give W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(OR). To a solution of W(N-2,6- 
iPr2C6H3)(CH1-t-Bu)j(C1) in benzene was added as a solid one equivalent of LiOR. The reaction 
mixture was heated at 60 OC overnight as it was being stirred. After which, it was filtered 
through a bed of Celite, and the filtrate concentrated to dryness to give the desired product. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(OAdamanty1). Fine yellow powder (1.5 g, 65 % 
yield). 'H NMR (CnDh): 6 8.86 ppm (s, 1, JHW = 14.5 Hz), 7.08 (m, 3), 3.97 (m, 2), 2.55 (d, 1, 
JHH = MHz), 2.18 ppm (d, 1, J H ~  = 14Hz), 1.93 (bm, 61, 1.60 (b, 3), 1.45(bm, 6), 1.29 (d, 12), 
1.29 (s, 18). 13c NMR (toluene-d8): 6 253.1 1 ppm (JcFr = 110 Hz), 143.88, 137.45, 122.86, 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(O-tu. Yellow powder (quantitative yield). ' H 
N M R  (C6D6, 500 MHz) 6 8.80 (s, 1, JHW= 14 HZ), 7.17 (d, 2), 7.12 (t, I), 3.95 (m, 2), 2.53 (d, 1, 
J H ~  = 15 HZ), 2.16 (d, 1, JHe = 15 HZ), 1.36 (s, 27), 1.34 (d, 6), 1.28 (d, 6). '-'c NMR NMR 
(ChDh) 8 253.65 (JCH = 106 HZ), 152.95, 144.28, 128.68, 125.63, 123.31, 82.10, 56.37 (Jcw = 
122 Hz), 50.07, 45.74, 34.62, 33.81, 32.49, 32.35, 28.85, 24.67, 24.01. Anal. Calcd. for 
C26H47NOW: C, 54.45; H, 8.26; N, 2.44. Found: C, 54.36, H, 8.18, N, 2.41. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(OCe2C3) Yellow powder (quantitative yield). 'H 
NMR (ChDh, 500 MHz) 6 8.88 (s, 1, JHw = 16 HZ), 7.17 (d, 2), 7.13 (t, I), 3.89 (m, 2), 2.59 (d, 1, 
J H H =  15 HZ), 2.19 (d, 1, JHH = 15 HZ), 1.43 (s, 3), 1.40 (s, 3), 1.35 (d, 6), 1.34 (d, 6), 1.26(~, 9), 
1.25 (S, 9). ' 9 ~  NMR (C6D6) -82.1 (s). "C NMR (C6D6) 8 256.05 (JCH = 109 HZ, JcW = 180 HZ), 
152.64, 144.80, 128.68, 126.40, 126.13, 123.40, 81.91, 58.79 (Jew = 122 HZ), 46.17, 34.81, 
34.33, 33.42, 32.55,28.95, 26.78, 25.56,25.14,24.74,23.89. Anal. Calcd. for C26HuF3NOW: C, 
49.77; H, 7.07; N, 2.23. Found: C, 49.62, H, 7.16, N, 2.27. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu){OCMe(CF3)2J. Yellow powder (quantitative yield). 
1 H NMR (C6D6, 500 MHz) 6 9.00 (s, 1, JHW = 15 HZ), 7.08 (d, 2), 7.05 (t, l) ,  3.75 (m, 2), 2.59 (d, 
1, J1lH= 15 HZ), 2.16 (d, 1, J fnr= 15 HZ), 1.46 (s, 3), 1.28 (d, 6), 1.25 (d, 6), 1.16 (s, 9), 1.13 (s, 
9). 1 9 ~  NMR (C6Dh) 8 -77.3 (q, 3) and -77.9 (q, 3). 13c NMR (C6Dh) 6 259.15 (JCH = 1 15 HZ, 
JCh = 180 HZ), 152.42, 145.23, 128.69, 127.05, 125.39, 123.50, 61.17 (JC- = 123 HZ), 46.61, 
34.80,34.07, 33.07, 32.8 1,29.05,24.85,23.81, 19.86. Anal. Calcd. fbr Ca6&1F6NOW: C, 45.83; 
H, 6.06; N, 2.06. Found: C, 46.04, H, 6.15, N, 2.18. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu) [OC(H)(CF3)2]. Red oil (quantitative yield). 'H 
NMR (ChDh) 8 8.96 (s, 1, JHW = I5 HZ), 7.05 (m, 3), 4.50 (m, I), 3.70 (m, 2),2.58 (d, 1, JHH = 15 
HZ), 2.13 (d, 1, JfIH = 15 HZ),  1.28 (d, 6), 1.26 (d, 6), 1.14 (s, 9), 1.12 (s, 9). "F NMR (C6D6) 8 - 
74.0 (q, 3) and -74.3 (q, 3). 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(O-2,6-r26). Yellow orange powder. 'H NMR 
(C6D6, 500 MHz) 6 9.37 (s, 1, JHw = 15 HZ), 7.06 (d, 2), 7.02 (t, I), 6.97 (m, 3), 3.58 (in, 2), 3.52 
(m, 2), 2.96 (d, l), 2.31 (d, l), 1.34 (s, 9), 1.30 (s, 9), 1.26 (d, 6), 1.21 (d, 6), 1.20 (d, 6), 1.03 (d, 
6). I3c NMR (C6D6) 6 255.15 (JCH = 116 HZ), 158.44, 152.83, 150.80, 144.46, 137.52, 134.13, 
126.33, 124.16, 123.82, 123.34, 123.21, 121.47, 117.91, 62.12 (Jew = 123), 46.60, 34.13, 33.90, 
29.68, 29.3 1, 25.56, 24.50, 23.10. Anal. Calcd. for C35Hj9N0 W: C, 60.60; H, 8.57; N, 2.02. 
Found: C, 60.48, H, 8.5 1, N, 2.04. 
W(N-2,6-Me2C6H3)2(CH2-t-Bu)2. Neopentylmagnesiilm chloride (27.2 mL, 1.26 M) was added 
dropwise to stirred red-orange suspension of W(N-2,6-MezC6H3)?Cl2(dme) (10.0 g, 17.2 rnmol) 
in 150 mL ether at -30 "C. The mixture was allowed to warm to room temperature and was 
stirred overnight. The resulting mustard yellow mixture was filtered through a bed of Celite, and 
the residue was washed with 2 x 20 mL ether. Removal of ether in vaczro gave a yellow residue 
which was triturated with cold pentane. The solids were then collected on a frit, washed with 
cold pentane and dried in vacuo to give 7.72 g of yellow powder (80% yield): 'H NMR (C6D6) 6 
6.97 (d, 4), 6.8 1 (t, 2), 2.30 (s, 12), 2.03 (s. 4, JHW = 9 HZ), 1.16 (s, 1 8). Anal. Calcd. for 
WN2C26H40: C, 55.32; H, 7.14; N, 4.96. Found: C, 55.38, H, 7.18, N, 4.97. 
W(N-2,6-Me2C6H3)(CH-t-Bu)(OTf)2(dme). To a rapidly stirred solution of W(N-2,6- 
MezC6H3)z(CH2-t-Bu)2 (7.724 g, 13.68 rnmol) in DMEIpentane (200 mL: 40 mL) at -30 OC was 
added dropwise a cold solution of 6.19 g (41.1 mmol) trifluoromethanesulfonic acid in DME. 
The reaction mixture was warmed to room temperature and stirred overnight. The solvent was 
then removed in vacuo. The product was extracted into 250 mL dichloromethane, and the 
mixture was filtered. Removal of solvent in vaczro afforded 3.93 g (35%) yield of product as a 
I yellow powder which was used without further purification: H NMR (C6D6) 8 11.1 1 (s, I), 6.82 
(d, 2), 6.73 (t, l), 3.83 (s, 3), 3.07 (t, 2), 2.69 (s, 3), 2.66 (t, 2), 2.56 (s, 6), 1.47 (s, 9); "F NMR 
(CnD6) 6 -77.3 (s). Anal. Calcd. for WNFhORS2C19H29: C, 29.97; H, 3.84; N, 1.84. Found: C, 
30.10, H, 3.76, N, 1.79. 
W(N-2,6-Me2C6H3)2(CH-t-Bu)(CHz-t-Bu)2. Neopentylmagnesium chloride (3.4 1 mL, 1.35M) 
was added dropwise to rapidly stirred solution of W(N-2,6-Me2C6H3)(CH-t-Bu)(OTf)2(dme) 
(1.75 g, 2.298 mmol) in 20 mL ether at -30 "C. After 8h, all volatiles were removed in vcrcuo. 
The product was taken up in 20 mL pentane, the solution was filtered through a bed of Celite, 
and the filtrate was concentrated to dryness to give yellow orange solid (1 . l3 g) in 90% yield: 
I H NMR (C6D6) 6 7.00 (2, 3), 6.87 (t, l), 6.78 (s, 1, JHW = 15.5 HZ), 2.48 (s, 6), 2.37 (d, 2, JHH = 
14 Hz), 1.18 (s, 9), 1.16 (s, 18), 0.78 ( d  2, JHH = 14 Hz). Anal. Calcd. for WNCz3&,: C, 53.6; H, 
8.02;N,2.72. Found: Cy53.48,H,8.11,N,2.71. 
W(N-2,6-Me2C6H3)(CH2-t-B~)3(0C6fi). W(N-2,6-MeZC6H3)(CHZt-Bu)(CH-t-Bu)z (500 mg, 
0.970 mmol) was dissolved in pentane and was treated with 1 equiv HOC6Fs (179 mg). The 
resulting yellow solution was stirred for 1 h. After which, the volatiles were removed in vacuo. 
The residue was collected on a frit and washed with cold pentane to give a yellow powder; yield 
420 mg (62%): 'H  NMR (C6D6) S 6.91 (d, 2), 6.78 (t, I), 4.15 (m,2), 2.61 (s, 6), 2.21 (s, 6, J H W =  
9.6 Hz), 1.10 (s, 27); 19F NMR (C6D6): 6 -156.9 (d, 2), -165.2 (t, 2), -170.9 (t, 1). Anal. Calcd. 
for WNOF5C29H42: C, 49.8; H, 6.05; N, 2.00. Found: C, 49.75, H, 6.1 1, N, 1.95. 
Observation of W(N-2,6-Me2C6H3)(CH2-t-B~)3[OC(CF3)3]. W(N-2,6-Me2C6H3)(CH2-t- 
BU)(CH-~-BU)~ (30 mg, 0.058 mmol) was dissolved in 0.8 mL of C6D6 and placed in a J -  
youngM tube. HOC(CF3); (8.9 pL, 0.058 mmol) was then added via syringe. The J - Y O U ~ . ~ ' . ~  
tube was capped and the reaction mixture shaken. 'H NMR and ' 9 ~  spectra were then obtained. 
1 H NMR (C&) S 6.85 (d, 2), 6.74 (t, I), 2.55 (s, 6, JHW = 9.5 HZ), 2.19 (s, 6), 1.07 (s, 27); 1 9 ~  
NMR (C6Dh) 6 -70.1 . 
Observation of W(N-2,6-Me2C6H3)(CH2-t-Bu)3[OC(H)(C&)21. 1 equivalent of 
HOC(H)(CF& (6.7 pL) was added via syringe to a solution of W(N-2,6-Me2C6H;)(CH~-t- 
Bu)(CH-t-Bu)? (30 mg, 0.058 mmol) in 0.8 mL of C6Ds in J - Y o u ~ , ~ ~ ~  tube. The J-Y oungTM tube 
I was capped and the reaction mixture shaken. H NMR and 19F spectra were then obtained. 
I HNMR(C6D6) 66.90(d, 2), 6.78 (t, I ) ,  5.19 (m, I), 2.57 (s, 6),2.01 (s,6), 1.07 (s, 27); 1 9 ~  
NMR (CnD6) 6 -7 1.3, -7 1.4. 
Representative Procedure for Ring-Closing Metathesis Reactions. A solution of 20 
equivalents of the substrate and 10 ILL of anisole (internal standard) in 0.8 mL C6D6 was placed 
in a JY'" tube. 1H NMR was taken and the substrate was integrated relative to the internal 
standard. 5 mol% of the catalyst was then added. The tube was capped and shaken. Conversion 
was then determined by 'H NMR spectroscopy. 
Representative Procedure for Metathesis of cis-2-Pentene. A 5 ml scintillation vial was 
charged with a solution of 1 equiv W(N-2,6-iPr2C6H3)(CH-t-Bu)(CHz-t-Bu)(OR) in 1 mL 
toluene and capped with a rubber septum. 20 equivalents of cis-2-pentene were then introduced 
to the catalyst solution via syringe. The reaction mixture was shaken. Aliquots were taken at 
different time intervals and samples were analyzed by gas chromatography. 
Representative Procedure for the Ring Opening Metathesis Polymeriztion of Rorbornene. 
A solution of W(N-2,6-iPr7CbH3)(CH-t-Bu)(CH?-t-Bu)(OR) in toluene-d8 (5 mM) was placed in 
a J - Y o u ~ ~ ' ~  tube. 'H NMR spectrum was then obtained and the alkylidene peak for W(N-2,6- 
iPr2C6H3)(CH-t-Bu)(CH2-t-Bu)(OR) was integrated relative to an internal standard. Thereafter 10 
equivalents of norbomene was added and the 'H NMR spectrum was once again obtained. The 
% activation and the cisltrans ratio of the polymer were then determined based on the 
integrations. 
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CHAPTER 2 
Bimolecular Reaction of Tungsten Imido Alkylidene Complexes: 
Discovery, Synthesis and Structures of Dimers Containing 
Unbridged W(IV)/WIV) Double Bonds 
A portion of this chapter has appeared in print: 
Lopez, L. P. H.; Schrock, R. R. "Formation of Dimers That Contain Unbridged W(IV)/W(IV) 
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Schrock, R. R.; Lopez, L. P. H.; Hafer, J.; Singh, R.; Sinha, A.; Mueller, P. "Olefin Metathesis 
Reactions Initiated by d2 Mo or W Complexes" Organometallics 2005,24, 52 1 1. 
and was submitted for publication: 
Lopez, L. P. H.; Schrock, R. R.; Miiller, P. "Dimers that Contain Unbridged W(IV)/W(IV) 
Double Bonds" Organometallics 2 005, Stlbmitted. 
INTRODUCTION 
Understanding the stability and decomposition of a catalyst is crucial for designing more 
successful catalyst systems. Much of the research in our group is therefore focused on studying 
the pathways by which olefin metathesis catalysts of the type M(NR)(CHR')(OR")Z (M = Mo, 
W) decompose. These efforts led to the elucidation of two primary deactivation pathways. The 
first one involves the rearrangement of the intermediate metallacyclobutane complex to give an 
M" olefin  complex.'^' 
In some cases, particularly tungsten-based systems, metallacyclobutanes are stable 
enough at room temperature to be isolated and characterized. Crystallographic studies revealed 
that tungstallacyclobutanes possess either a square-pyramidal or trigonal-bipyramidal 
geometry.3-5 It was established that square-pyramidal complexes are stabilized towards loss of 
olefm by relatively electron-donating alkoxide group (e.g., 0-t-Bu) while trigonal-bipyrarnidal 
systems are most stable when their alkoxide ligands are relatively electron-withdrawing (e.g., 
OMe(CF+). The formation of stable tungstacyclobutane complexes therefore plays a critical 
role in the lowering of catalyst concentmtion in tungsten-catalyzed metathesis chemistry. 
Another known catalyst deactivation pathway is the bimolecular reaction of alkylidene 
complexes.6 The reductive coupling of two alkylidenes, believed to be fastest for me thylidene 
complexes, leads to the forrnation of an olefin and a dimer of reduced metal species. For 
Scheme 2.1. Bimolecular decomposition of MO(NA~)(CHCM~~P~)(O-~-BU)~. 
instance, [M0(0-t-Bu)~]~(p-NAr)~ was isolated from the reaction between 
Mo(NAr)(CHCMe2Ph)(OTt-Bu)z and e!hy1ene! As shown in Scheme 2.1, the reaction involves 
formation of an observable molybdacyclobutane which ldses-ethyleke to give an intermediate 
n .  & .  - - .  
methylidene complex. The methylidene complex then decomposes bimolecularly to give 
- - 
ethylene and the crystallographically characterized [M~(o-t-Bu)~]~(p-NAr)~, in which the imido 
, . . Q 
ligands symmetrically bridge the two molybdenum centers (Figure 2.1). ' 
, . 
. . 
Figure 2.1. Solid-state structure of [M~(o-t-Bu)~]~(p-NAr)~. 
. . 
. . . . 
. . -  - . .  
[Mo(O-t-B~)~l~(p-NAr)2 was first observed as a side product of the reaction between 
Mo(NA~)(CH-~-BU)(O-~-BU)~ and vinylferrocene to give Mo(NA~)(CHFC)(O-~-BU)~ (Fc = 
f e r r ~ c e n ~ l ) . ~  Since MO(NA~)(CHFC)(O-~-BU)~ is relatively stable in the absence of 
vinylferrocene, it was likewise proposed that the formation of the dimer occurs via the reductive 
coupling of the methylidene complex, MO(NA~)(CH~)(O-~-B~)~, an intermediate formed during 
this metathesis reaction. , .  
. ., - 
. - 
r Bimolecular reaction of methylidene complexes had been demonstrated unambiguously 
for the Cp2(CH3)TaCH2 as early as 1978.~  Labeling studies showed that the methylidene 
complex decomposes via formation of bis(p-methylene) species, followed by coupling of the two 
methylene ligands to give half an equivalent of an ethylene complex (Scheme 2.2). . . 
C Hz 
* Cp2TaL\cH2 + "CplTaCH3" \ CH3 CH; 
Scheme 2.2. Mechanism of the bimolecular reaction of Cp2Ta(CH2)(CH3). 
M(NR)(CHR')(OR")2 complexes are believed to react bimolecularly via a mechanism 
involving 1,3-dimetallacyclobutane intermediate, alun to that shown in Scheme 2.2. More 
recently, in a related tungsten biphenolate system, the 13c-labeled heterochiral methylene dimer 
[W(NA~)(B~~~~~)('~CH~)I~() (Figure 2.2) was observed by NMR spectroscopy, providing the first 
direct evidence of the bimolecular decomposition mechanism of Group VI imido alkylidene 
complexes. However, all attempts to observe or isolate the final decomposition product of the 
Figure 2.2. Heterochiral [ W ( N A ~ ) ( B ~ ~ ~ ~ ~ ) ( ' ~ C H ~ ) I : .  
metathesis reaction were unsuccessfiil. In fact, except for [M0(0-t-Bu)~]~(p-NAr)~, there have 
been no other reports of a well-characterized bimolecular decomposition product of 
M(NR)(CHR')(OR")2 olefin metathesis catalysts. Hence, it has always been assumed that the 
reductive coupling of the aforementioned catalysts generally yields imido-bridged dimeric 
species. To quote the concluding remarks of reference 9, 
"We do not know the nature of the final decomposition product or products in the 
tungsten metathesis systems. At this stage, we assume that a W(IV) complex that 
contains bridging imido ligands is formed from 'W(NAryl)(Biphen)', as has been 
documented in one molybdenum system.. ." 
A compound with an empirical formula "W(NArr)[OCMe(CF,)2]2" was similarly 
proposed to be a bimetallic complex bridged by imido ligands (Figure 2.3).1° This compound 
was isolated from the reaction between W(NArr)(CH-t-Bu)[OCMe(CF3)& and 3-hexene and is 
the bimolecular decomposition product of observable, but unstable 
Art 
(A) (B) 
Figure 2.3. Proposed structures for {W(NArf)[OCMe(CF3)z]2)2. 
W(NAr')(CHEt)[OCMe(CFj)2]z. The closely related propylidene complexes 
W(NAr)(CHEt)(OR)2 (OR = 0-t-Bu, OCMe?CF;), were likewise found to be unstable with 
respect to bimolecular decomposition." However, there are no reports of any attempts to isolate 
or observe the decomposition products of these compounds. 
For the past decade it has generally been assumed that do alkylidenes of the 
M(NR)(CHR')(OR")2 variety decompose bimolecularly to give bimetallic compounds with 
bridging imido l igand~.~~ '"  Fortuitously, in the process of exploring the organometallic chemistry 
of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes (Chapter 1) it was discovered that 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(OC&) undergoes reductive coupling to give an unbridged 
dimeric species. 
This chapter describes the bimolecular reaction of tungsten imido alkylidene complexes 
leading to the formation of dimers that contain unbridged W(IV)/W(IV) bonds even in the 
presence of potentially bridging ligands. To the best of our knowledge, these are the first such 
complexes to be unambiguously characterized. 
RESULTS AND DISCUSSION 
2.1 Discovery and Solid-State Structure of H~~~~O-[W(NA~)(CH~-~-BU)(OC~F~)]~ 
As described in Chapter 1, W(NAr)(CHz-t-Bu);(OC&) loses neopentane at elevated 
temperatures to give W(NAr)(CH-t-Bu)(CH1-t-Bu)(OC&) (Chapterl, Reaction 1.5). In the 
attempt to isolate this alkylidene complex by heating highly concentrated solutions of 
W(NAr)(CH2-t-Bu)3(OC6Fj) in benzene or toluene at 80 OC for several hours, it was discovered 
that W(NAr)(CH-t-Bu)(CH2-t-Bu)(OCsFs) decomposes further to give t-BuHC=CH-t-Bu in 
addition to a sparingly soluble red compo~~nd (Reaction 2.1). The spectroscopic properties of 
which, along with the results of combustion analysis, suggest an empirical formula 
"W(NAr)(CHz-t-Bu)(OC6F5)77. For instance, the spectrum shows three distinct resonances for 
the five fluorine atoms of the OC6Fj ligand. The 'H NMR spectrum, on the other hand, shows 
resonances only for the imido and neopentyl ligands, and a noticeable absence of any resonance 
Reaction 2.1. Decomposition of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OC6Fs). 
in the alkylidene region. It is important to note that a single septet is observed for the CHMe2 
protons, and only two resonances are observed for C W e 2  of the isopropyl groups of the imido 
ligand, consistent with rapidly rotating 2,6-iPr2C6H; rings (vide injkz). The two doublets 
observed for the neopentyl methylene protons (3.09 and 2.47 ppm, JHH = 14.5 Hz) suggests no 
molecular plane of symmetry passes through the neopentyl methylene group, and therefore it is 
unlikely to be one of the two possible isomers of hypothetical [W(CH2-t-B~)(OC6Fj)l2(~1-NAr)2. 
X-ray diffraction study of the single crystal obtained from toluene solution at -30 OC 
revealed that the red compound is the bimetallic compound, [W(NAr)(CHz-t-Bu)(OC6F5)I2. The 
molecule, which adopts a staggered ethane-like geometry, is situated at a crystallographic 
inversion center which relates both halves of the molecule as shown in Figure 2.4. The geometry 
about each tungsten center is approximately tetrahedral, with the two imido groups oriented in a 
trons manner across the metal-metal bond. When viewed along the W=W axis (Figure 2.4B), it is 
clear that the two OChFj groups are situated on the opposite sides of the plane formed by W and 
N atoms. It follows that the same is true for the neopentyl groups. As a consequence of this 
arrangement of ligands around the metal center, there is a center of inversion lying at the 
midpoint of the metal-metal bond. The two metal centers are therefore of opposite chirality, 
hence, this type of structure will from here on be referred to as the heterochiral dimer. 
The most important feature of the structure of [W(NAr)(CH2-t-Bu)(OC6F5)I2 is the 
presence of unbridged W(IV)/W(IV) double bond even in the presence of imido and alkoxide 
ligands which ordinarily bridge such bonds. In fact, prior to the identification of this compound, 
all known complexes containing W(IV)IW(IV) double bonds also possessed ligands that bridged 
the W--W bond. Although compounds with unbridged single, triple and quadruple metal-metal 
bonds are well-known, compounds with unsupported M=M double bonds are conspicuously 
rare." There are, in fact, relatively few compounds containing M=M bonds of any kind. 
Examples of compounds with bridged W(IV)/W(IV) double bonds include W ~ ( o c H ~ - t - B u ) ~ ,  13 
[K(l8-~rown-6)~~~][W~(p-H)(p-O)(OC-t-B~)~] (2.445(1) A),14 [W2(~-0zC-t-Bu)l(p-MeCCMe)?] 
(2.4888(2) A),I5 [WC12(OR)(ROH)(y-OR)]2 (2.481(1) A and 2.483(1) A for R = CHI and 
C2H5, respectively)16 and [W2(~-02C-t-B~)4(,u.-PhCCMe)2] (2.4925(2) A). " 
( r 1 5 - ~ j ~ e s ) ( ~ ~ ) z ~ e = ~ e ( ~ ~ ) l ( r 7 5 - ~ 5 ~ e 5 ) ,  on the other hand, contains a Re=Re double bond 
(2.723(1) A) "semi-bridged" by two carbonyl ligands.17-18 Unbridged M=M double bonds are 
found in (M~~s~cH~)~(~)R~(~-o)[R~(PM~~)~R~(o)?(cHS~M~~)~ and in macrocyclic 
complexes [M(~ctaethylporphyrin)]~ (M = Ru, 0s)'" and [ R U ( C ~ ~ H ~ ~ N ~ ) ] ~ . ' ~  In neither type is 
there an opportunity for ligands to bridge the metal-metal double bond. To the best of our 
knowledge, prior to this work [ ~ ~ ( ~ i ~ r ) ~ ( ~ ~ ) ( d m ~ e ) z ] , " " j  OS:(CO)~," and [Re(c- t -B~)(oR)~]~  
(OR = 0-t-Bu, OCM~(CF;)~) '~  are the only examples of compounds that contain unbridged 
M=M double bonds even in the presence of potentially bridging ligands. 
Table 2.1 lists selected interatomic bond lengths and angles of hetero-[W(NAr)(CH2-t- 
BU)(OC~F~)]~.  The W=W bond distance of 2.4443(2) A is at the shorter end of the range reported 
for W(IV)/W(IV) double bonds," but is otherwise comparable to the W=W distance of 2.445(1) 
8, in [K( 1 8 - c r o ~ n - 6 ) ~ ~ ]  [W~(~-H)(~-O)(OC-~-BU)~] .  The double bond between the two metal 
centers is consistent with the observed diamagnetism of the compound. The other bonds to the 
Figure 2.4. Two views of the molecular structure of hetero-[W(NA~-)(CH~-t-Bu)(oc~F~)]~. 
Table 2.1. Selected intramolecular distances (A) and bond angles (degrees) 
of hetero-[W(NAr)(CH2-t-Bu)(OC6F5)]2 
metal center are typical for tungsten imido alkoxide complexes.10 The W-N bond length and W- 
N-C angle (1.745(2) A and 165.37(19)") are not unusual, and the W-C(19)-C(20) angle 
(1 19.3(3)") is typical of a relatively "undistorted" neopentyl group. The large W-O(1)-C(13) 
angle (146.7(3)"), on the other hand, suggests that a significant degree of rr bonding is present, 
possibly in combination with some steric pressure that opens up the W-O(1)-C(13) angle. 
Finally, another striking structural feature of the structure is the close to 90" angle (90.38(10)") 
between the imido ligands and the W=W bond vector. This suggests that the three IT bonds 
around the metal center are formed from the three mutually perpendicular d,,, d, and dxz 
orbitals, while the four 0-bonds are formed from the three p orbitals and some combination of s 
and dz2 orbitals. 
The overall structure of hetero-[W(NAr)(CH2-t-Bu)(OC6F5)l2 is reminiscent of the 
structures of the d21d2 [R~(C-~-BU)(OR)~]? (OR = 0-t-Bu or OCMe(CF;)') complexes in which 
the Re=Re bond lengths are 2.3836(8) A and 2.396(1) A (respectively), the C=Re=Re angles are 
90.0(2)" and 89.5(1)" (respectively), and the alkylidyne liyands are trans to one an~ther . '~  
Although this transoid C-Re=Re=C linkage is what one might expect given the steric bulk of the 
t-Bu ligand, analysis of bonding and energetics of model compounds carried out by Bursten 
revealed that this planar arrangement is also preferred electroni~all~. '~ An electronic barrier to 
rotation about the Re-Re bond independent of any substituent effect was predicted based on 
these theoretical studies. 
Interestingly, the abovementioned [R~(C-~-BU)(OR)~]~  complexes were also obtained 
from the bimolecular reaction of alkylidene complexes. Though concentrated solutions of the 
neopentylidene complexes Re(c-t-B~)(cH-t-Bu)(oR)~ [OR = 0-t-Bu or OCM~(CF;)~] '~ produce 
only trace amounts of t-BuHC=CH-t-Bu in solution at 120 OC, their reaction with ethyl vinyl 
ether gave crystals of [Re(c- t -B~)(oR)~]~  within hours at room temperature (Reaction 2.2)? 
Evidently, dimer formation is more rapid when heteroatom substituents are present in the 
alkylidene or when at least one of the two alkylidenes involved is relatively small. This 
observation and the results of R. Torelu's crossover experiments2"ive credence to the proposal 
that the primary mechanism of forming the dimers consists of bimolecular reaction of alkylidene 
ligands, and that 1,3-dimetallacycles are intermediates in these reductive coupling reactions. At 
this stage, we assume that a similar mechanism is operative in the formation of the W=W dimers 
reported here. 
Reaction 2.2. Reported synthesis of [Re(C-t-Bu)(OR)?I2. 
2.2 Syntheses and Structural Isomers of [W(NAr)(CH2-t-Bu)(OR)I2 Complexes 
With the discovery of hett.r~-[W(NAr)(CH~-t-B~z)(oc~F~)]~, we became interested in the 
preparation of other complexes with unsupported W=W double bonds in order to determine 
whether unsupported W=W double bonds are a general feature of W(1V) chemistry. We started 
out by determining whether reductive coupling to form unbridged dimeric species is the general 
mode of decomposition of W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes. Not surprisingly, not 
all W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) complexes react bimolecularly as readily as W(NAr)(CH- 
t-Bu)(CH2-t-Bu)(OC6F 5) to form the desired unbridged dimer. Highly concentrated solutions of 
all W(NAr)(CH-t-Bu)(CHz-t-Bu)(OR) complexes described in Chapter 1 other than 
W(NAr)(CH-t-Bu)(CHz-t-Bu)(OC6Fj) show minimal decomposition even after prolonged 
heating at >I00 OC. Presumably, alkoxide ligands more bulky than OCnFs render these 
complexes stable with respect to this type of bimolecular reaction. 
The synthesis of alkylidene complexes containing less sterically demanding ligands 
proved to be the key to successfil synthesis of other unbridged bimetallic species. Decreasing 
the steric bulk around the metal center promotes bimolecular reaction; therefore replacing the 
relatively bulky neopentylidene with a smaller alkylidene can speed up this process. This can be 
conveniently achieved using the technique employed in the synthesis of [Re(C-t-Bu)(OR)I2 
complexes (Reaction 2.2), i.e. an unstable M=CHR species is generated by treating the 
neopentylidene (or neophylidene) complexes with internal olefins, which then react to yield 
M=M and RCH=CHR (Reaction 2.3). With this in mind, concentrated solutions of W(NAr)(CH- 
~-BU)(CH~-~-BU)[OC(H)(CF;)~] in pentane were treated with 2-pentene. The initially yellow 
metathesis products 
Reaction 2.3. Synthesis of [W(NAr)(CHz-t-Bu)(OR)]z complexes 
reaction mixture immediately turned red within minutes at room temperature. Red crystals were 
formed from the reaction mixture over a period of several days at -30 OC. What is remarkable in 
this case is that two compounds (A and B), both with empirical formula "W(NAr)(CH2-t- 
BU)[OCH(CF~)~]". were observed in the 'H NMR spectrum of the isolated product. The two 
compounds are distinguishable by the difference in the fluxional behavior of the iPr2C6H3 
groups. As shown in Figure 2.5, product A shows only one resonance for the CHMel protons 
and only two types of isopropyl methyl groups, consistent with a rapidly rotating 2,6-iPr2C6H3 
ring on the 'H NMR time scale. The corresponding CHMe: resonances of the more soluble 
product B, on the other hand, are suggestive of hindered rotation of the iPrlChHJ rings. Product A 
was therefore identified as the heterochiral dimer based on its similarity with the observed 
spectroscopic properties of hetero-[W(NAr)(CH2-t-Bu)(OC6F5)I2 (vide supra). The structure of 
B, on the other hand, had to be determined by X-ray crystallographic studies. 
Figure 2.5. 'H NMR spectrum of A and B isomers of { W(NAr)(CHz-t-Bu)[OCH(CF 3)?] j ?. 
Figure 2.6. Two views of the molecular structure of product B, 
homo- (W(NA~)(CH~-~-BU)[OC(H)(CF~)~]) 
Table 2.2. Selected intramolecular distances (A) and bond angles (degrees) 
of Homo- { W(NAr)(CH?-t-Bu)[OCH(CFj)2] 12 .  
W = W  
W - N  
W - 0  
W - C  
N - W = W  
N-FV-0  
N- IV-c  
0 - W - C  
0 - W = W  
C - W = W  
C - N - W  
C - 0 - \ I v  
C - C - W  
2.4537(3) 
1.757(5) and 1.747(5) 
1.908(4) and 1.9 15(5) 
2.123(6) and 2.123(7) 
91.55(14) and 92.67(16) 
13 1.0(2) and 129.5(2) 
105.9(2) and 106.5(2) 
109.312) and 110.3(3) 
1 12.89(14) and 1 1 1.68( 17) 
101.86(17) and 101.98(18) 
166.4(4) and 168.0(4) 
146.7(4) and 146.7(4) 
11 7.8(4) and 119.3(5) 
The molecular structure of B, shown in Figure 2.6, reveals that it is yet another dimeric 
species. It shares the same general features as the dimer shown in Figure 2.4, e.g. staggered 
ethane-like geometry, trans imido groups, close to 90" N=W=W angles (91.55(14) and 
92.67(16)) and a W(IV)IW(IV) double bond (2.4537(3) A) (Table 2.2) unbridged by potentially 
bridging alkoxide and imido ligands. The noticeable difference though is that while a center of 
inversion relates the two "W(NAr)(CHZ-t-Bu)(OC6F5)" moieties in Figure 2.4, the two halves 
of the molecule of B are related by a C2-axis. The two metal centers of {W(NAr)(CH2-t- 
BU)[OC(H)(CF;)~])~ in Figure 2.6 are of identical chirality. Hence. the structure shown is 
referred to as the homochiral isomer. 
It is established by the foregoing discussion that [W(NAr)(CHz-t-Bu)(OR)I2 dimers may 
exist in both heterochiral and homochiral isomeric forms. Recall, however, that the bimolecular 
reaction of W(NAr)(CH-t-Bu)(CHz-t-Bu)(OC6Fj) at elevated temperatures resulted in hetrro- 
[W(NAr)(CH?-t-Bu)(OC6F5)I2 as the exclusive product. W(NAr)(CH-t-Bu)(CHz-t-Bu)(OC6F j) 
was therefore treated with 2-pentene at room temperature in order to determine if the analogous 
homochiral [W(NAr)(CH2-t-Bu)(OC6Fj)lz dimer could be obtained. Spectroscopic analysis of the 
red powder isolated from the reaction mixture revealed a mixture of homo- and hetero- 
[W(NAr)(CH2-t-Bu)(OC6F5)I3-, which are distinguishable by the fluxional behavior of the 2,6- 
iPrZC6H3 rings in solution. It is important to note that while there is hindered rotation of 2,6- 
iPrlChHj groups of the homochiral dimer in the time scale of 'H NMR, the C6F5 rings are freely 
rotating in 19F NMR time scale, as they are in hetero-[W(NAr)(CH:-t-Bu)(OCsFs)l2. The identity 
of the more soluble ~O~O-[W(NA~)(CH~-~-BU)(OC~F~)]~ was confirmed by X-ray diffraction 
studies. The C2-symmetric structure obtained by Dr. Peter Muller, with W=W bond length of 
2.4492(3) A, is shown in Figure 2.7. From the above structures, it is now clear that the trans 
orientation of the imido ligands and the close to 90" N=W=W angle are characteristic features of 
these unbridged d'ld' [W(NAr)(CH2-t-Bu)(OR)]? complexes. 
Interestingly, A. Sinha has shown that the molybdenum alkylidene complex 
MO(NA~)(CH-~-BU)(CH~-~-BLI)(OC~F j)29 is much more thermally stable than its tungsten analog, 
with minimal decomposition at elevated temperatures. It reacts however with 10 equivalents of 
trans-3-hexene at 25'C to yield unstable but observable Mo(NAr)(CHEt)(CHz-t-Bu)(OC&), 
which then undergoes reductive coupling to yield [MO(NA~)(CH~-~-BU)(OC~F~)]~.~~ It is worth 
noting that the dimer obtained is exclusively the homochiral isomer. Hetero-[Mo(NAr)(CHz-t- 
Figure 2.7. Two views of the molecular structure of ~O~O-[W(NA~)(CH~-~-BU)(OC~F~)]~. 
Table 2.3. Selected intramolecular distances (A) and bond angles (degrees) 
of ~~~~O-[W(NA~)(CH~-~-B~)(OC~F~)]~. 
W = W  
LV - N 
W - 0  
W-C 
N -- W = FV 
N - - W - 0  
N-W-C 
0 - W - C  
0 - W = W  
C - - w =  W 
C-N-W 
C - 0 - W  
c-c-LV 
Bu)(OC~F~)]~ is yet to be observed. The overall structure of [Mo(NAr)(CH2-t-Bu)(OC6F5)]2 
(Mo=Mo = 2.412 A) is very similar to that shown in Figure 2.7. As is typical, the Mo=Mo 
distance is slightly shorter than the W=W distance" in these homo-[M(NAr)(CH2-t- 
Bu)(OC6F5)I2 dimers. 
Despite the inherent differences in the molecular symmetry (C2 vs Ci) and spectroscopic 
properties of the homo- and heterochiral isomers of [W(NA~)(CH~-~-BU)(OC~F~)]~, the bond 
lengths and angles within the inner coordination sphere of ~o~o-[W(NA~)(CH~-~-BU)(OC~F~)]~ 
(Table 2.3) are almost indistinguishable from those of its structural isomer (Table 2.1). What is 
noteworthy though is the significant difference in the C-0-W-W dihedral angles of the two 
structures. These are -1 18" and 41" for the hetero- and homochiral dimers, respectively. Note 
that the corresponding dihedral angle of ~~~O-(W(NA~)(CH~-~-BU)[OC(H)(CF~)~])~ is -9". AS 
shown in Figure 2.8A, the C6F5 ring in the heterochiral dimer is directed away from the imido 
ligand. That of the homochiral dimer (Figure 2.8B), on the other hand, is oriented towards the 
imido group. This structural difference might lead to slight differences in steric congestion in the 
two isomers, and therefore to the observed slower rate of rotation of the iPr2C6H3 rings in homo- 
Figure 2.8. Side-by-side comparison of hetero(A)- and homo(B)-[W(NAr)(CHz-t- 
Bu)(OC6F5)]2 showing the difference in the orientation of the OC6F5 ligand 
relative to the iPr2C6H3 rings. 
[W(NAr)(CH2-t-Bu)(OC6F5)]3. The C2-symmetric homo-[M(NAr)(CH2-t-Bu)(OR)l2 complexes 
characterized as of yet share the following distinguishing general properties: (a) more soluble 
than the heterochiral isomer, (b) rotation of iPr2CbH3 does not occur at an appreciable rate in the 
time scale of 'H NMR, and (c) the OR ligand is directed towards the imido group in the solid 
state struchzre. 
Having demonstrated that [M(NAr)(CH:-t-Bu)(OR)]2 complexes exist in homo- and 
heterochiral isomeric forms, an obvious question that must be addressed is under what conditions 
are these structural isomers formed. It has been established that the neopentylidene complexes 
M(NAr)(CH-t-Bu)(CH,-t-Bu)(OR) [M = W, OR = OC6F5, OC(H)(CF3)2 and M = Mo, OR = 
OC6F5] are stable with respect to bimolecular decomposition at room temperature, but 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OC6F5) decomposes at elevated temperatures to yield the 
heterochiral dimer exclusively. While thermally stable Mo(NAr)(CH-t-Bu)(CH2-t-Bu)(OC6Fs) 
reacts with 3-hexene at room temperature to give only ~~~~-[MO(NA~)(CH~-~-B~)(OC~F~)]~, 
W(NAr)(CH-t-Bu)(CH2-t-Bu)(OR) [OR = OC6F5, OC(H)(CF3)2] gives a mixture of the isomers 
upon reaction with 2-pentene. Note that horno-[W(NAr)(CH2-t-Bu)(OC6F5)]z is the predominant 
product obtained regardless of the order of the addition of the reactants (olefin and alkylidene). 
All evidence to date thus suggests that the hornochiral isomer is the kinetically preferred prod~zct, 
while the heterochiral isomer is the thermodynamic product of the reaction. It is worthy of note 
that pure hornochiral and heterochiral [W(NAr)(CH:-t-Bu)(OR)]: species do not interconvert 
thennally or upon irradiation with 360 nm light at a rate that is faster than any decomposition 
reactions of any dimeric or monomeric species. 
2.3 Variation of Imido Ligand: Synthesis of [W(NAr')(CH2-t-Bu)(OC6F5)]z 
Changing the imido group from 2,6-iPr2C6H3N (ArN) to the less sterically demanding 
2,6-Me2C6H3N (Ar'N) is another way of promoting bimolecular reaction. Indeed, heating a 
toluene-d8 solution (0.10 M) of W(NAr')(CH2-t-Bu)3(0C6Fs) at 60 O C  gives W(NAr')(CH-t- 
Bu)(CH:-t-Bu)(OC6Fj) which in turn readily reacts bimolecularly to yield t-BuCH=CH-t-Bu and 
[W(NAr')(CH2-t-Bu)(OC6F5)]2 (Reaction 2.4). As a consequence of the steric difference between 
methyl and isopropyl groups, bimolecular reaction of the intermediate W(NArt)(CH-t-Bu)(CH,- 
t-Bu)(OC6F5) complex occurs so rapidly that it could not be isolated, and has only been observed 
in situ (alkylidene H, = 9.36 ppm). On the basis of the inequivalent neopentyl methylene protons 
-11- 1 - (t-Bu)FiC=CfI(t-Rii) 
I I 
t-BU AK' 
Reaction 2.4. Formation of [W(NAr')(CH2-t-B~)(OC6Fj)]2 
in the proton NMR spectrum of [W(NAr')(CH2-t-B~)(OC6Fj)]2 in toluene-ti*, it is proposed that 
this compound also contains an unsupported W(IV)/W(IV) double bond. It is believed that 
[W(NAr')(CH2-t-Bu)(OChF5)]2 is a heterochiral dimer on the basis of its formation via reductive 
coupling of two neoprntylidene complexes. and on the equivalence of all the 2,6-MeZCbHiN 
groups in the 'H  NMR time scale. However, the possibility that the hindered rotation of iPr2C6H3 
rings in the homochiral dimers discussed above is a consequence of bulky isopropyl groups, and 
not an intrinsic property of all homochiral dimers regardless of the nature of imido group, cannot 
be ruled out. X-ray crystallographic studies must therefore be carried out on this compound in 
order to unambiguously determine the stnlcture of the dimer. 
2.4 Bimolecular Reaction of W(NR)(CH-~-BU)(OR')~ Complexes 
It has always been assumed that bimolecular reaction of W(NR)(CH-t-Bu)(OR'): 
complexes generally yields irnido-bridged dimer of reduced metal species."'" The discovery that 
tungsten imido alkylidene complexes of the type W(NR)(CH-t-Bu)(CH2-t-Bu)(0Rt) react 
bimolecularly to give unbridged dimeric species compelled 11s to revisit the reductive coupling 
reactions of W(NR)(CH-t-Bu)(ORr):. 
As pointed out in the introduction. it has been reported that the unstable W(NArt) 
(CHEt)[OCMe(CF;)2]2 complex decomposes to yield a compound with empirical formula 
"W(NA~')[OCM~(CF;)~]~".~~ Early attempts to crystallographically characterize this compound 
were complicated by a complex disorder3' in the structure. In the absence of a conclusive solid- 
state structure, it was proposed to be an imido-bridged dimer of any one of the types shown in 
Figure 2.3. However, the presence of two inequivalent CF3 groups in the "C NMR spectrum of 
[W(NAr')[OCMe(CF3)2]2]2 is inconsistent with the symmetrically-bridged dimer shown in 
Figure 2.3B. Fortunately, the disorder was satisfactorily refined by Dr. Peter Miiller, and the 
structure shown in Figure 2.9 was obtained. It was found that. contrary to what was originally 
- - . -  
Figure 2.9. Solid-state structure of (W(NAr')[OCMe(CF3)2]2)2. 
proposed, (W(NAI- ' ) [OCM~(CF~)~]~)~ is actually a dimer that contains W(IV)/W(IV) double 
bond (2.475 l(4) A) unsupported by potentially bridging imido and alkoxide ligands. The other 
- distinguishing structural features of unbridged d2/d2 dimers are also observed. 
Two closely related dimers, [W(NAr')(OCMe2CF3)l2 and [W(NAr)(OCMe2CF3)]z were 
8 , 8 .  
prepared as outlined in Reaction 2.5. X-ray diffraction studies revealed that both are unbridged 
dimeric species (Figures 2.10 and 2.1 1) virtually identical to (W(NAr')[OCMe(CF3)2]2) 2. In both 
metathesis products 
Reaction 2.5. Synthesis of [W(NR)(ORF)~]~ complexes. 
Figur 
Figure 2.10. Solid-state structure of [W(NAr')(OCMe2CF3)2]2. 
b 
Ie 2.11. Solid-state structure of [W(NAr)(OCMe2C 
Table 2.4. Selected intramolecular distances (A) and bond angles (degrees) 
of [W(NR)(ORF)]z * complexes 
IW(NA~')(ORF~)]~ [W(NArr)(OR~3)12 [W(NA~)(ORF~) 12 
W = W  2.475 l(4) 2.4909(2) 2.4925(3) 
W-N 1.755(7) and 1.737(6) 1.75 l(2) 1.749(5) and 1.754(5) 
W - 0  1.902(6) and 1.892(5) 1.9239(18) 1.914(4) and 1.919(4) 
W - 0  1.9 15(5) and 1.909(5) 1.860(2) 1.878(4) and 1.876(4) 
N - W = W  92.4(2) and 93.8(2) 92.59(7) 94.92(16) and 93.75(15) 
N - W - 0  114.5(3) and 11 1.8(3) 1 14.90(9) 114.86(18) and 119.2(2) 
N - W - 0  1 17.2(3) and 120.2(3) 1 19.55(9) 116.9(2) and 11 7.0(2) 
0 - L V - 0  1 12.0(3) and 1 12.6(3) 110.19(9) 109.80(19) and 108.8(2) 
0 - W = W 104.88(18) and 102.48(18) 104.29(6) 104.72(14) and 104.10(14) 
0 - W = W  113.7(2)and113.10(18) 113.53(6) 112.41(14) and 113.86(15) 
C-N-\V 170.3(7) and 169.5(6) 172.42(19) 169.6(4) and 166.7(4) 
C-0-LV 135.4(5) and 132.9(5) 132.61(17) 137.5(4) and 134.1(4) 
C - 0 - W  15 1.4(6) and 163.3(5) 153.09(18) 152.0(4) and 159.9(4) 
* NR = NAr, NAr'; ORb; = OCMe2CF;, ORF6 = OCMe(CF3)? 
compounds, only one type of alkoxide is observed in the 'H and 1 9 ~  NMR spectra. The two 
methyl groups of OCMeZCF; are inequivalent, consistent with a time averaged Czh-symmetric 
structure. Selected bond lengths and angles of (W(NAr1)[OCMe:(CF3)12 $., 
[W(NArt)(OCMe2CF;)12 and [W(NAr)(OCMe2CF;)l2 are listed on Table 2.4. 
The synthesis of [W(NA~')(O-~-BU)~]~ was also attempted. Although the formation of this 
dimer might be expected to be favored by steric reasons. all efforts to obtain the compound using 
the method outlined in Reaction 2.5 were unsuccessful. This was not altogether surprising 
considering the poor reactivity of W(NArl)(CH-t-Bu)(O-t-Bu)? with regular internal olefins." 
Moreover, the W=C bond is less polar in the 0-t-Bu complex relative to those of the fluorinated 
alkoxides, and presumably less reactive towards 1,3-dimetallacyclobutane formation. 
[W(NA~')(O-~-BU)~]~ was therefore prepared using a different route (vide infro). Note that Re(C- 
t-Bu)(CH-t-Bu)(O-t-Bu)2 was similarly found to be less reactive towards reductive coupling 
compared to R~(C-~-BU)(CH-~-B~)[OCM~(CF~)~]~.~* learly, the utility of Reaction 2.5 as a 
synthetic route to the unbridged dimeric species is determined by the combination of the steric 
and electronic effects of the ligands around the metal center. 
2.5 Structural Isomers of ( M O ( N A ~ ) [ O C R . ~ ~ ( C F ~ ) ~ ] ~ ) ~  
A crystal recovered from a >lo-year old sample of the reaction between 
M~(NA~)(cHcM~~P~)[ocM~(cF~)~ 12' and two equivalents of 3,3- 
bis(trifluoromethy1)norbomadiene in a sealed NMR hlbebe" was subjected to X-ray diffraction 
study. The solid state structure, obtained with the assistance of Dr. Dmitry Yandulov (Figure 
2.12), shows that the compound is in fact a dimeric species, (Mo[OCMe(CF;).]2 )?(p-NAd)?_, that 
contains symmetrically bridging imido ligands, a planar MozN2 ring, and pseudotetrahedral 
arrangement of ligands around each metal. The Mo---Mo distance of 2.609 A is consistent with a 
single bond," although this distance may very well be imposed by the Mo2N2 core. The overall 
features of the structure are reminiscent of [ M O ( O - ~ - B U ) ~ ] ~ ( ~ - N A ~ ) ~ "  shown in Figure 2.1. 
In an attempt to synthesize {MO[OCM~(CF~)~]~]~(~-NA~)~ by treating a solution of 
MO(NA~)(CHCM~~P~)[OCM~(CF;)~]~ with cis-2-pentene, a mustard yellow product with two 
19 types of CF; groups in the F NMR spectrum (-77.4 and -78.4 ppm) was obtained. Since the 
inequivalence of the CF; groups is not consistent with the symmetrically bridged structure shown 
- .  
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Figure 2.12. Solid-state structure of (MO[OCM~(CF~)~]~)~(JI-NA~)?. 
Table 2.5. Selected intramolecular distances (A) and bond angles 
:. . - (degrees) of {Mo[OCMe(CF3)2]2] 2(p-NAd)2. 
Mo(1) - Mo(2) 
Mo(1) - N(1) 
Mo(2) - N(1) 
Mo(1) - O(1) 
Mo(2) - O(2) 
Mo(1) - N(l) - Mo(2) 
O(1) - MO (1) - O(l)# 
O(2) - Mo (2) - 0(2)# 
O(1) - MO (1) - N(1) 
O(1) - MO (1) - N(l)# 
O(1) - Mo (1) - Mo (2) 
N(1) - Mo (I)  - Mo (2) 
C(20) - O(1) - Mo (I) 
in Figure 2.1, an X-ray diffraction study of the product obtained was performed and the results 
revealed the unbridged dimer {Mo(NAd)[OCMe(CF3)2]2 (Mo=Mo = 2.422 A), illustrated in 
Figure 2.13. The observed staggered ethane-like geometry, trans imido group and close to 90" 
N=W=W angle are distinguishing stnlctural features common to all the unbridged bimetallic 
species discussed above. 
The isolation and structural characterization of unbridged and bridged 
{ M O ( N A ~ ) [ O C M ~ ( C F ~ ) ~ ] ~ ) ~  establish that both isomers are thermodynamically accessible 
species. It is attractive to propose, based on these results, that the unbridged dimer is formed first 
and rearranges to the latter; especially if one considers that the analogous Re=Re dimers 
rearrange cleanly to the alkylidyne-bridged isomer upon photolysis.zx However, preliminary 
attempts to observe this rearrangement using {MO(NA~)[OCM~(CF~)~]~)~, 
[W(NAr')(OCMe2CF3)z]2 and [W(NAr)(CHz-t-Bu)(OC6F5)I2 by heating and by photolysis using 
medium pressure mercury lamp has resulted in intractable mixtures of products. Evidently, other 
decomposition pathways are accessible under these forcing conditions. It is however possible 
that the desired rearrangement occurred, but the resulting imido-bridged dimers were unstable 
under the conditions by which they were formed (Chapter 3). It also cannot be ruled out at this 
stage that the two isomers are formed competitively. 
2.6. Synthetic Routes to [W(NR)(OR')2]z Complexes 
The bimolecular reaction of unstable alkylidene complexes (Reaction 2.5) has enabled 
the isolation and structural characterization of a modest number of unbridged dimers. This 
synthetic route, as with any other, is not without limitation. The synthesis of the precursor 
alkylidene complex, for instance, involves a rather circuitous 5- or 6-step route1(' (Chapter 1, 
Schemes 1.1 and 1.2). The resulting neopentylidene complex must then be active for the 
metathesis of internal olefins, e.g. 2-pentene or 3-hexene, in order to generate the less stable 
alkylidene. Moreover, the ligands must be chosen aptly such that the overall sterics around the 
metal should not preclude bimolecular reaction. Unfortunately, for a given imido group such as 
N-2,6-MezAr in the homologous series W(NA~')(CH-~-BU)[OC(M~)~(CF~)~~~]~ x = 0 to 3), the 
steric and electronic effects of the alkoxide operate in the opposite direction. It is therefore not 
altogether surprising that only dimers with OCMe2CF3 and OCMe(CF;)? ligands were 
Figure 2.13. Solid-state structure of (Mo(NAd)[OCMe2(CF3)2]2) 2. 
Table 2.6. Selected intramolecular distances (A) and bond angles (degrees) 
of (Mo(NAd) [OCMe(CF;)2]2$ 2. 
successfully obtained using the synthetic approach illustrated in Reaction 2.5. ~ ' o t e  too that the 
change in the imido group from NAr' to NAr in W(NR)(CH-~-BU)(OCM~~CF~)~ complexes 
dramatically affected the isolated yields of the reactions (83% vs 5%, respectively). This change 
in imido substituents not only influenced the overall electronics and sterics around the metal 
center, but also the solubility of the resulting dimer. [W(NAr)(OCMe2CF;)2]2 is significantly 
more soluble than its NAr' analog, and was found to be more difficult to isolate from other 
products and intermediates of the reaction. 
An alternate route to the formation of other [W(NAr')(OR)?I2 complexes is shown in 
Reaction 2.6." [W(NAr')(OCMe2CF;)2]z is an attractive precursor compound because it can be 
consistently obtained as crystalline product in multigram scale from the reaction of the parent 
neopentylidene complex with 2-pentene. Using this method, [bV(NAr')(O-t-Bu)z]2 was 
successfully obtained. It should be recognized, however, that the NMR data for 
I 
N OCMe2CF3 2 eq LiO-t-Bu I * N 0-t-BU (1 .>OCMe2CF3 benzene, rt 11 ,>O-t-Bu * 
,..*w= ~ . w = ~  (cF,)M~~co\\\';;/ 11 t - 0  I I 
(CFj)Me2C0 N t-BuO 
I N LiOCMe2CF3 
Ar' I A r' 
Reaction 2.6. Alkoxide substitution reaction of [bV(NAr')(OCMe2CF3)&. 
[W(NAI-')(O-~-BU)~]~ do not distinguish between an unbridged structure and a dimer 
symmetrically bridged by imido ligands. It is the observed reactivity of [W(NA~')(O-~-BU)~]? 
with ethylene (Chapter 3) that does lead us to propose that the product obtained is a dimer with 
unbridged W(IV)/W(IV) double bond. The utility of Reaction 2.6 is limited only to reactions 
involving lithium salts of alkoxides capable of displacing OCMe2CF3. Moreover, purification 
problems complicate the isolation of the product as the dimer and the by-product LiOCMe2CF; 
have similar solubility properties in common organic solvents. 
Recently, I. Hafer developed a more direct route to the formation of the dimers.j5 As 
shown in Scheme 2.3, addition of two equivalents of LiOCMe2(CF3) to W(NAr1)C14(thf) yields 
yellow W(NAr1)[OCMe2(CF3)]fi, which is analogous to known w ( N A ~ ) ( o - ~ - B ~ ) ~ c ~ ~ ~ ~  and 
TMS20 1. Ar'NCO, toluene, retlux 2 eq LiOCMc2CF3 
WCI, * WOCI, t ArWWC14(tht) D 
CH2C17 2. recrystallize in THF THF/Et,O 
CI. , O C M ~ ~ C F ~  A OCMe2CF3 0 
3 ey of KCx or Ka/Hg 11 ..*>ocM~~cF~ 
( c F ~ ) M ~ ~ o ' ~  'CI * (C~3)Mc2CO\\ \ \~ \~~W = 
Et20 d 11 (CF3)Me2C0 N 
I 
Ar' 
Scheme 2.3. Four-step synthesis of [W(NAr')(OCMe2CF;)2]2 from WClh. 
W(N-~-BU)[OS~(~-BU)~]~C~~.'~ Reduction of W(NAr1)[OCMe2(CF3)]fi with 2.1 equivalents of 
5% sodium amalgam in ether, or with potassium graphite, leads to the formation of 
[W(NArf)(OCMe2CF3)?I2, a sample of which is identical in all respects to a sample prepared via 
reductive coupling of alkylidene complex. It should be noted that the formation of [Re(C-t- 
BU)(O-~-BU)~]~ was similarly accomplished via the reduction of Re(C-t-Bu)(O-t-Bu)?12 with two 
equivalents of N ~ / H ~ . "  
Scheme 2.3 illustrates an attractive route in which unbridged M=M dimers may be 
forrned, presumably involving the intermediacy of monomeric W(NA4r1)(OR)2 units. In fact, the 
right set of ligands and reaction conditions allowed the isolation of such monometallic species. 
For instance, Wolczanski reported that the reduction of W(N-~-B~)[OS~(~-BU)~]~C~~ with Mg in 
ether yielded planar three-coordinate w(N-~-Bu)[os~(~-Bu)~]~.~~ The W=W bonded dimer 
presumably cannot form because of the bulky OSi(t-Bu); ligands. Reduction of Mo(N-t- 
Bu)[OS~(~-BU)~]~CI~ with Na amalgam, on the other hand, led to formation of (Mo(N-t- 
Bu)[OSi(t-B~);l~)~(y-Hg) that contains a linear Mo-Hg-Mo arrangement." Molecular orbital 
calculations on model compounds revealed that the frontier orbitals of [Mo(N-t-Bu)[OSi(t- 
B~);l?)~(p-Hg) are e and IT* combinations of the d,, orbitals of the molybdenum fragments with 
essentially no Hg component. The dimolybdenum rr- and x*-orbitals were described as having 
been "stretched" beyond a meaningful overlap distance. Hence, Wolczanski and coworkers aptly 
referred to this as a "stretched" n-interaction. Remarkably, the analysis of the energetics of the 
frontier orbitals of this compound, along with the determination of the energy of the n2 -> nln* 
transition of [MO(NA~)(CH~-~-BU)(OC~~)]~,~~ allowed the energy of the Mo=Mo n-bond in 
[Mo(NAr)(CH2-t-Bu)(OC6F5)I2 to be estimated as -29 kcalimol. The o- and n-components of the 
Mo=Mo double bond may then be approximated to be worth -75 kcallmol. It is expected that the 
W=W double bonds are slightly stronger than the Mo=Mo bonds." 
SUMMARY AND CONCLUSIONS 
Our recent efforts to determine the products of the bimolecular reaction of tungsten imido 
alkylidene complexes led to the isolation and structural characterization of a modest number of 
unbridged dirneric species. To the best of our knowledge, the compounds reported here are the 
first examples of dimers that contain unbridged W(IV)/W(IV) double bonds despite the presence 
of ligands that would typically be expected to bridge such bonds. These compounds are also 
characterized by their staggered ethane-like geometry, trans imido groups and close to 90" 
N=W=W angles, and are closely related to [ M O ( N A ~ ) ( C H ~ - ~ - B ~ ) ( O C ~ F ~ ) ] ~ ' ~  and [Re(C-t- 
BU)(OR)~]: (OR = 0-t-Bu or OCM~(CF;)?)'* complexes. Molecular orbital calculations 
performed by Bursten on model Re=Re compounds revealed that the characteristic transoid 
CzRe=Re=C linkage is electronically preferred.'6 Analogy between the bonding in [Re(C-t- 
BU)(OR)~]~ complexes and ethylene was also described. If we extend this analogy to the W and 
Mo dimers now known, then there is some justification for calling these compounds 
"dimetallaolefins". Interestingly, these M=M (W, ~ 0 , ' ~  ~ e ' * )  complexes are also the only ones 
where analogous M=CRlR2 species are known. 
One of the most important contributions of this study is the discovery that tungsten imido 
alkylidene complexes typically reacts bimolecularly to form tinbridged dimeric species and not 
the imido-bridged dimer, contrary to what was previously assumed. In fact, among the 
compounds reported in this work, only the crystal isolated from the decade old sample of the 
reaction between MO(NA~)(CHCM~~P~)[OCM~(CF~)~]~ and two equivalents of 2,3- 
bis(trifluoromethy1)norbornadiene was found to have bridging imido ligands.j3 interestingly, 
both imido-bridged dimers known so far contain M O ' ~  metal  center^;^ analogous tungsten 
complexes are yet to be isolated. 
The unbridged W(IV)/W(IV) dimers reported here, along with the closely related 
d i m ~ l ~ b d e n u m ~ ~  and dirheni~m'~ complexes, represent a new class of d'/d2 bimetallic species 
that clearly deserves further study. The numerous combinations of imido, alkoxide, and M (Mo 
or W) that are known and available in our group should lead to a large number of M=M species. 
We are optimistic that the recent development of more straightforward, high-yield route3' to the 
formation of the dimers will help advance the realization of this goal. Clearly, some of the 
fundamental questions that need to be addressed to further our understanding of the chemistry of 
these dimers include (a) Under what conditions are the bridged and unbridged dimers formed and 
why? (b) Under what conditions do species that contain terminal imido ligands, if at all, convert 
into those that contain bridging imido ligands'? (c) Is this conversion reversible'? and (d) Which 
imido ligands prefer to be terminal and which bridging? 
Chapter 3 describes our preliminary efforts to explore the reaction chemistry of these 
unusual compounds. 
EXPERIMENTAL 
General. All air-sensitive work was carried out in a Vacuum Atmospheres dry box under a 
dinitrogen atmosphere or by standard Schlenk techniques. Commercially available chemicals 
were obtained from Strem Chemicals, Inc., or Aldrich Co. Solid reagents were used as received 
unless otherwise stated. Liquid reagents were distilled under dinitrogen, then freeze-pump-thaw 
degassed prior to use. Pentane, toluene, benzene and tetrahydrofuran (THF) were sparged with 
dinitrogen and passed through columns of activated alumina. All deuterated solvents were 
freeze-pump-thaw degassed. All solvents and liquid reagents were stored over 4 A molecular 
sieves. 'H NMR spectra were obtained on an instrument operating at 500 MHz unless otherwise 
stated. I3c NMR spectra were obtained on an instrument operating at 125 MHz, while ' 9 ~  NMR 
spectra were obtained on a 282 MHz instrument. All spectra were recorded at room temperature. 
I H and 13c NMR data are listed in parts per million downfield from tetramethylsilane and were 
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referenced using the residual protonated solvent resonance. F NMR shifts are reported relative 
to C6F6 used as external reference. Elemental analyses were performed by Kolbe Microanalytical 
Laboratories (Miihlheim an der Ruhr, Germany). 
All lithium alkoxides were prepared fi-om the reaction between n-butyl lithium and the 
corresponding alcohol. W(N-2,6-iPr2ChH3)(CH2-t-Bu)3(0C&), W(N-2,6-iPr2C6H3)(CH-t- 
Bu)(CH~-~-BU)[OCH(CF~)~], W(N-2,6-iPr2ChH3)(CH-t-Bu)(CH2-t-Bu)(OCsF j), W(N-2,6- 
MezC6H3)(CHz-t-Bu);(OC&) and W(N-2,6-MezC6H3)(CH-t-Bu)(OTf)z(dme) were prepared as 
described in Chapter I. (w(N-~,~-M~~c~H~)[ocM~(cF~)~]~)~,'~ W(N-2,6-iPr2C6H;)(CH-t- 
~ u ) ( ~ ~ f ) Z ( d m e ) ,  ' O and MO(NA~)(CHCM~~P~)[OCM~(CF j)2]j2 were synthesized as described in 
the literature. MO(NA~)(CHCM~~P~)(OT~)~(~~~) was provided by Dr. Monica Duval. W(N-2,6- 
M ~ ~ c ~ H ~ ) ( c H - ~ - B ~ ) ( o c M ~ ~ F ; ) ~ "  and W(N-~,~-~P~~C~H;)(CH-~-BU)(OCM~XF~)~" are 
known compounds, prepared using a different method. 
Hetero-[W(N-2,6-iPr2C6H3)(CH2-t-Bu)(OC&)]2. A sample of W(N-2,6-iPr2C6H3)(CH2-t- 
Bu);(OC6Fs) (1.010 g) was dissolved in minimum amount of toluene, and the solution was 
heated at 80 OC for 48h. The red solids that crystallized out of the solution were collected on a 
frit and washed with liberal amounts of pentane; yield 585 mg (70%): 'H NMR (CnDn. 500 
MHz) G7.17(d,4), 7.08 (t,2), 3.86 (m,4), 3.09 (d,2, Jlrlr= 14.5 Hz), 2.47 (d,2, JrlH= 14.5 HZ), 
1.30 (d, 12), 1.01 (s, 18), 0.99 (d, 12); ' 9 ~  NMR (C6D6) 6 -159.29 (d, 4), -164.80 (t, 4), -167.80 
(t, 2). Anal. Calcd. for W2N202FiOC46H56: C, 45-04; H, 4.6; N, 2.28. Found: C, 44.88, H, 4.54, 
N, 2.33. 
Crystals suitable for X-ray diffraction studies were obtained from toluene solution at 
-30 "C. 
Homo- and Hetero-{ W(N-2,6-iPr2C6H3)(CH2-t-Bu) -]. To a rapidly stirred 
solution of W(N-2,6-iPrzC6H3)(CH-t-Bu)(CH2-t-Bu)[OCH(CF)] (470 mg, 0.704 mmol) in a 
minimum amount of pentane at room temperature was added dropwise 1.52 mL (14.08 mrnol) of 
cis-2-pentene. The mixture was left to stir overnight. The volatiles were removed in vncuo to 
give a red oil. Minimum amount of pentane was added and the solution kept at -30 OC. Dark red 
crystals, formed over a period of two weeks, were collected on a frit and washed with 3 x 1 mL 
cold pentane to give 60 mg of the product as a mixture of homo- and hetero-chiral isomers in 
approximately 7: 1 ratio ( 1 1 % yield). Homo-(W(N-2,6-iPr2C6H3)(CH2-t-Bu)[OCH(C F3)21)L: I H 
NMR (C6D6, 500 MHz) S 7.10 (t, 2), 7.03 (d, 4), 4.89 (m, 2), 4.44 (m, 2), 3.07 (m. 2), 2.37 (d, 2, 
J H W =  15 HZ), 2.04 (d, 2, Jcrw= 15 HZ), 1.61 (d, 6), 1.32 (d, 61, 1.25 (d, 6), 1.02 (s, 18), 1.01 (d, 
6). Hetero-(W(N-2,6-iPr2C6H3)(CH2-t-Bu) [OCH(CF3)zI 12: ' H NMR (ChD6, 500 MHz) 8 7.09 
(t,2),7.01 (d,4), 5.22(m,2),3.85 (m,4),2.59(d,2, JHH= 14Hz),2.42(d,2,JHH= ISHz), 1.30 
(d, 12), 1.23 (d, 12), 0.99 (s, 18). Anal. Calcd for C20H2UNOF6W: C, 40.22; H, 4.89; N, 2.35. 
Found: C, 40.36; H, 5.01; N, 2.32. 
Single crystals suitable for X-ray diffraction studies were obtained from pentane solution 
at -30 "C. 
Homo-[W(N-2,6-iPrtC6H3)(CH2-f-Bu)(OC6F5) Iz. A solution of W(N-2,6-iPr2C6H3)(CH-t- 
Bu)(CH2-t-Bu)(OC6Fj) (2.20 g, 3.22 mmol) in 20 mL of pentane was added dropwise to a 
rapidly stirred solution of 7.0 mL (64 mmol) cis-2-pentene in 10 mL of pentane. Solids formed 
within 20 min. The dark red reaction mixture was stirred overnight. The insoluble product was 
collected on a frit, washed with liberal amounts of pentane, (25 "C) and dried to give 222 mg of 
red-orange hetero-[W(N-2.6-iPr2C6Hj)(CHz-t-Bu)(OC6Fj] which was identical to the 
compound prepared by heating W(N-2,6-iPr2ChH3)(CH2-t-Bu) j(OC6F j) in benzene. The filtrate 
was collected and concentrated to dryness. The residue was collected on a frit, washed with 3 x 
2 mL cold pentane, and dried to give 844 mg of red homo-[W(N-2.6-iPr2C6H3)(CH2-t- 
Bu)(OC6F5)I2; yield 54%: 'H NMR (C6D6, 500 MHz) 8 6.86 (br, 6), 4.49 (br, 2), 3.06 (br. 2), 
2.60 (d, 2, Jtcw = 15 Hz), 2.19 (d, 2, Jilw = 15 Hz), 1.72 (br, 6), 1.36 (br, 6), 1.25 (br, 6), 1.12 
(s, 18), 0.88 (br, 6); ''F NMR (CD6) 8 -158.6 (d, 4), -164.3 (t, 4), -167.1 (t, 2). Anal. Calcd. for 
C46H56F10NZ02W3: C, 45.04; H, 4.60; N, 2.28. Found: C: 44.86, H, 4.15, N, 2.18. 
Single crystals suitable for X-ray diffraction studies were obtained from toluene solution 
at -30 "C. 
[W(N-2,6-MerC6H3)(CH2-t-Bu)(OC6Fs)]r. A solution of W(N-2,6-MezC6H;)(CH2-t- 
Bu);(OC6Fs) (1.030 g, 1.472 mmol) in 5 mL toluene was heated at 60 "C for 48h. The resulting 
red solution was cooled to -30 O C .  The red solid that crystallized out of the solution was 
collected on a frit and washed with 3 x 2 mL pentane. The filtrate was then concentrated to 
dryness, and the residue collected on a frit and washed with liberal amounts of pentane to give a 
red powder. Combined yield: 427 mg, 52%. ' H NMR (toluene-d8, 500 MHz): 6 6.98 (d, 4), 6.94 
(t,2),3.08 (d,2, JHH= 14.5 H ~ ) , 2 . 4 6 ( ~ ,  12),2.36 (d, 2, JHH= 14.5 HZ), 0.91 (s, 18). I 9 ~ N M R  
(CnD6): 6 -1 58.8 (d, 4), -164.2 (t, 4), -167.8 (t, 2). Anal. Calcd. for WZN~O?F,~C;RH~~:  C, 40.96; 
H, 3.62; N, 2.51 . Found: C, 40.84, H, 3.68, N, 2.57. 
W(N-2,6-Me2C6H3)(CH-t-Bu)(OCMe2CF3)2. W(N-2,6-Me2C6H3)(CH-t-B~)(OTf)2(dme) 
(7.000 g, 9.194 mmol) was dissolved in 50 mL THF. The solution was cooled to -30 "C and 
2.464 g (18.39 rnmol) of LiOCMe2CF3 was added. The mixture was allowed to warm to room 
temperature as it was being stirred. After 12h, the reaction mixture was concentrated to dryness. 
The residue was then extracted into 50 rnL pentane and the mixture was filtered and washed with 
20 mL pentane. Removal of volatiles in vacwo afforded 4.765 g of yellow microcrystals which 
was pure by NMR (83 O/O yield): Its 'H NMR resonances in C6D6 are identical to those reported 
in the literature. 'H  NMR (C6D6) 6 8.47 ppm (s, 1, W=CH-t-BU). 
[W(N-2,6-l~e2C6&)(0CMef13)2]2. A solution of W(N-2,6-Me2C6H;)(CH-t-Bu)(OCMe2CF3)2 
(4.70 g, 7.49 mmol) in 20 mL pentane was treated with 10 equivalents of 2-pentene (8.1 mL, 
75 mmol) at room temperature. The yellow-orange solution immediately turned red. The 
mixhire was stirred overnight, during which time yellowish-brow-n microcrystals were formed. 
The solids were collected on a frit, washed with liberal amounts of pentane and dried in VLIC'Z~O to
give 3.48 g of product (83 % yield). ' H  NMR (toluene-&) 6 6.99 (m, 6), 2.54 (s, 12), 1.26 (s, 
12), 1.19 (s, 12); NMR (toluene-ti8) 6 -82.72 (s). Anal. Calcd for Cj2HCFlZN2OJW2: 
C, 34.49; H, 3.80; N, 2.5 1.  Found: C, 34.28; H, 3.74; N, 2.49. 
Single crystals suitable for X-ray diffraction studies were grown in toluene solution at 
-30" C. 
W(N-2,6-iPr2C6H3)(CH-t-Bu)(OCMezCF3)2. W(N-2 ,6-iPr2C6H;)(CH-t-Bu)(OTf):(dme) ( 1.944 
g, 2.378 mmol) was dissolved in 50 mL THF. The solution was cooled to -30 "C and 669 mg 
(4.99 mmol) of LiOCMe2CF3 was added. The mixture was allowed to warm to room 
temperature as it was being stirred. After 8h, the reaction mixture was concentrated to dryness in 
vaczlo. The residue was then extracted into 50 mL pentane and the mixture was filtered. 
Removal of volatiles in vnczlo afforded 1.43 g of bright yellow microcrystals which was used 
without further purification (88 % yield): Its ' H  NMR resonances in ChDb are identical to those 
reported in the literature. 'H NMR (C6Dh) 6 8.4 1 ppm (s, 1, W=CH-t-Bu). 
[W(N-2,6-iPr2C6H3)(OCMe2CF3)2]2. Cis-2-pentene (1.58 mL, 1 4.6 mmol) was added to a 
rapidly stirred solution of W(N-2,6-iPr2C6H3)(CH-t-B~)(OCMe2CFj)2 (500 mg, 0.732 mmol) in 
5 mL pentane at room temperature. The resulting red solution was stirred for 16h. Removal of 
volatiles in vacuo gave a red oil; into which was added 1 mL of pentane. The solution was kept 
at -30 "C. Red-brown crystals suitable for X-ray diffraction studies were formed over a period of 
two weeks. Several crystals were manually isolated and subjected to crystallographic studies. 
The remaining product was collected on a frit, washed with 2 x 1 mL cold pentane and dried to 
give 18 mg of the product (5% yield). 'H NMR (C6D6) 6 7.16 (m, 6), 4.02 (m, 4) 1.34 (s, 12) 
1.3 1 (br s, 24), 1.25 (s, 12). "F NMR (C6D6): 6 -82.2 (s). 
[W(N-2,6-Me2CsH3)(0-t-B~)2]2. TO a solution of [W(N-2,6-Me2C6H;)(OCMeZCFj)2]2 (1 .OO g, 
0.897 mmol) in 20 mL 1:l pentane/benzene was added 4.5 equivalents of LiO-t-Bu (323 mg, 
4.04 mmol) at room temperature. The mixture was stirred overnight; after which time the 
reaction mixture was concentrated to dryness. The product was then taken up in 10 mL pentane, 
and the reaction mixture was filtered over Celite. The filtrate was then concentrated in vnczio to 
give the crude product. Repeated recrystallization in pentane afforded the red-brown product 
which was >90% pure by NMR; Yield 137 mg (17%). 'H NMR (toluene-dx) 6 7.09 (d, 4), 7.01 
(t, 2), 2.67 (s, 12), 1.27 (s, 36). 
(Mo(N-Adamantyl) [OCMe(CF3)1]2]2. Mo(N-Adamantyl)(CHCMe$h)[OCMe(CF3):]2 (4 10 
mg, 0.554 mmol) was dissolved in 3 mL pentane at room temperature, and into which was added 
1.2 mL (1 1 mmol) of cis-2-pentene. The resulting red solution was stirred for 8h before being 
stripped to an oily solid. Recrystallization in pentane gave 95 mg of mustard yellow powder 
(28% yield). 'H NMR (C6D6) 6 2.7 1 (s, 6), 2.70 (s, 6), 2.13 (bm, 6), 1.63 (m, 12), 1.16 (s, 12). 
19 F NMR (C6D6) 6 -77.4 (d, I), -78.4 (d, 1). Anal. Calcd for C36H42F24NZOJM~2: C, 35.60; H, 
3.49; N, 2.31. Found: C, 35.44; H, 3.58; N, 2.37. 
Single crystals suitable for X-ray diffraction studies were obtained from toluene solution 
at -30 "C. 
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APPENDIX A.2 
Crystal Data and Structure Refinement for Compounds Reported in Chapter 2 
Ta
bl
e 
A
.2
a.
 C
ry
st
al
 d
at
a 
a
n
d 
st
ru
ct
ur
e 
re
fin
em
en
t f
or
 h
et
er
o-
(W
(N
Ar
)(C
Hz
-t-
Bu
)(O
C6
F5
)j2
 (A
), 
I~
or
no
-[
W(
NA
r)
(c
H~
-t
-B
u)
(O
c~
F~
)1
~ 
(B
), a
n
d 
~
~
o
m
to
-{
W(
NA
r)
(C
ki
2-
t-
Bu
)~
OC
H(
CF
~)
~]
~2
 
(C
). 
Em
pi
ric
al
 ib
rn
ul
a 
Fo
rn
~u
la
 w
ei
gh
t 
Te
m
pe
ra
tu
re
 (K
) 
Cr
ys
ta
l s
ys
te
m
 
Sp
ac
e g
ro
up
 
Un
it 
ce
ll 
di
m
en
si
oi
~s
 (a,
 A
) 
(b
7
 4
 
(c,
 A,
 
(a
,"
) 
t P?
", 
(~
3
"
) 
V
ol
um
e (A
3) 
z D
en
sit
y 
(ca
lcu
lat
ed
; M
g/1
11
3) 
A
bs
or
pt
io
n 
co
ef
fic
ie
nt
 (11
111
1-I)
 
F(
00
0) 
Cr
ys
ta
l s
iz
e 
(11
111
1~
) 
Th
et
a 
ra
n
ge
 (')
 
In
de
x 
ra
n
ge
s 
Re
fle
ct
io
ns
 co
lle
ct
ed
 
(A
) 
C4
oI 
~
,
~
,
F
Io
N
~
C
)~
 
W
2 
12
26
.6
3 
1 9
3(
2)
 
M
on
oc
lin
ic
 
13
2( 1
 )/c
 
1 0
.5
28
9(
6)
 
9.
94
70
(6
) 
22
.5
33
 l(1
4)
 
90
 
94
.8
38
0( 
10
) 
0 0
 
23
5 1
.7
(2
) 
2 1.
73
2 
4.
96
5 
13
00
 
0.
45
 x 
0.
4 1
 x
 0
.3
0 
1.
8 1
 to
 2
7.
00
' 
-
 
12
<=
h<
= 1
3 
-
 
12
<.
=]<
<=
 13
 
-
2')
<=
1<
=2
2 
14
63
7 
(B
) 
C5
3I 
Ifi
-iF
1u
N2
02
W
z 
13
 18
.7
6 
10
4(
2)
 K 
M
on
oc
l in
ic
 
P'l
n 
13
.1
21
 l(
15
) 
11
.1
65
9(
13
) 
18
.5
96
(2
) 
90
 
10
0.
1 1
6(
3)
 
90
 
26
82
.2
(5
) 
2 1.
63
3 
4.
36
0 
13
00
 
0.
20
 x 
0.
12
 x 
0.
07
 
1.
82
 to
 2
6.
02
 
-
 
1 6
<=
11
<=
 14
 
-
1 3
<=
k<
=1
3 
-
22
<=
]<
= 1
 5 
16
99
7 
(C
) 
C.
roI
 fi
xF
 2N
20
2 W
:! 
1 1
94
.5
8 
1 9
4(
2)
 
O
rth
or
ho
in
b i
c 
Pb
ca
 
18
.3
2 1
5(7
) 
19
.8
28
4(7
) 
26
.2
55
6(1
0 
90
 
90
 
90
 
05
38
.3
(6)
 
8 1.
66
4 
4.
90
0 
46
72
 
0.
95
 x 
0.
90
 x 
0.
75
 
1.
70
 to
 2
8.
29
' 
-
24
<=
h<
= 
13
 
-
76
<=
k<
=2
4 
-
 
-
3 1
 <=
1<
=3
5 
65
65
6 

n 
2 
w 
S 
'PI 
C1 
8 
e' 

rC 
h 
2 
TI- 
0 
-3 
rr: 
f i  
2 
rc, 
0 
- 

CHAPTER 3 
Reactions of [W(NAr')(OCMe2CF3)2]2: A Preliminary Survey of Reactivity 
A portion of this chapter has appeared in print: 
Schrock, R. R.; Lopez, L. P. H.; Hafer, J.; Singh, R.; Sinha, A.; Mueller, P. "Olefin Metathesis 
Reactions Initiated by d2 Mo or W Complexes" OrganometaNics 2005.24,52 1 1. 
and was submitted for publication: 
Lopez, L. P. H.; Schrock, R. R.; Miiller, P. "Dimers that Contain Unbridged W(IV)/W(IV) 
Double Bonds" Organometullics 2005, Submitted. 
INTRODUCTION 
Whereas countless structures of compounds with single, triple and quadruple metal-metal 
bonds are well-known, those that contain a double bond between metal centers are relatively 
rare.' Hence, reaction chemistry of M=M double bonds remains open to exploration as only 
Norton's [OS~(CO)~], '~  Chisholm's [w:(ocH~-~-Bu)~]~-' and Casey's [ ( C ~ * ) ~ R ~ ~ ( C O ) ~ I ~ - "  have 
been studied in detail. With the discovery of dimers that contain unbridged W(IV)iW(IV) double 
bonds came the opportunity to explore the reactivity of this rare family of compounds. 
In Chapter 2 it was demonstrated that reactions can be carried out at the metal centers of 
[W(NAr1)(OR)2]2 without disturbing the W=W double bond. For example, the reaction between 
[W(NAr1)(OCMe2CF3)z]2 (NArl = N-2,6-Me2CbH3) and four equivalents of LiO-t-Bu has been 
utilized to prepare [W(NA~')(O-~-BU):]~ (Reaction 2.6). This chapter, on the other hand, focuses 
on the potentially rich chemistry of the unbridged W(IV)IW(IV) double bonds. Multiple bonds 
between metals provide an electron reservoir for interesting chemistry involving x-acid ligands 
and redox reactions.'-" In the addition, the Lewis acidic metal centers in [W(NAr1)(OR)2]z 
complexes are coordinatively unsaturated and likely labile to associative chemistry. Because of 
these areas of potential reactivity, [W(NAr1)(OR)7]2 conlplexes are attractive for exploratory 
reaction chemistry. 
This chapter provides an account of our preliminary efforts in this area. Experiments 
were performed using the completely symmetric [W(NAr')(OCMe2CF3)2]2, which can be 
obtained in multi-yam scale from the precursor alkylidene compound, W(NArl)(CH-t- 
Bu)(OCM~~CF;)~. Dimers of the type [W(NAr1)(CH2-t-Bu)(OR)l2 were not used both to avoid 
complications arising from formation of isomers, and to differentiate possible reactivity of the 
neopentyl ligand. Oxidation and ligand addition reactions of [W(NAr1)(OCMe2CF3)2]2 are 
discussed, with particular emphasis on reactions with olefins. Our interest in the reaction of 
[W(NAr')(OCMe2CF3)2]2 with olefins is fueled by the possibility of reforming an alkylidene 
from these reduced metal fragments, which is important in the context of catalytic olefin 
metathesis. 
RESULTS AND DISCUSSION 
3.1 Oxidation Reactions 
As pointed out in Chapter 2, J. Hafer recently prepared W(NAr')(OCMe2CF3)?C12 and 
showed that it can be reduced with two equivalents of potassium graphite or NaIHg to give 
[W(NAr1)(OCMe2CF3)2I2 (Scheme 2.3).14 It would then be interesting if the oxidation of the 
dimer to give W(NAr1)(OCMezCF3)2X2 can likewise be achieved. Moreover, this is analogous to 
Toreki's report of the reaction between [Re(C-t-Bu)(O-t-Bu)& and 1, which resulted in smooth 
cleavage of the Re=Re double bond to give two equivalents of R~(C-~-BU)(OR)~I~  
(Reaction 3.l).".'"n an attempt to prepare W(NAI-')(OCM~~CF;)~C~~ a hydrocarbon solution of 
Reaction 3.1. Oxidation of [Re(C-t-Bu)(0-t-B~)~]~ with 1:. 
[W(NAI-')(OCM~~CF;)~~ was treated with two equivalents of CIClh at -30 OC. Unfortunately, 
only severe decomposition was observed. Similarly, the reaction between the dimer and two 
equivalents of I? did not yield W(NAr')(OCMe2CF3)212. Instead, W(NAr')(OCMe2CF3)31 and 
mer-W(OCMe2CF;);I; were obtained along with other yet unidentified products of the reaction 
(Reaction 3.2). The identities and connectivities of these compounds were determined by X-ray 
I 
+OR~3 O K ~ 3  n .*oRF3 benzene 
,.w='rV R~so. 1, ,,\I\\ 1 
0 11 + 2 
-30 "C 
1/%- 
R ~ 3 0  N I 
I 
t 
other unidentified products 
Reaction 3.2. Oxidation of [W(NAr')(OCMe2CF3)2]2 with I?. 
crystallographic techniques.'' Complete structural characterization, however, was no longer 
pursued. Clean oxidation of [W(NAr')(OCMe2CF3)2]2 to give the desired 
W(NAr')(OCMeZCF3)2(X)z complex has yet to be observed. 
[W(NAr')(OCMe2CF3)2]2, however, reacts instantaneously at room temperature with one 
equivalent of CC14 to give a sparingly soluble light red product. The 'H and 1 9 ~  NMR spectra of 
which show only one type of alkoxide ligand indicative of a highly symmetrical structure. 
Crystals were grown from toluene solution at -30 O C ,  and an X-ray structure was obtained which 
identified the unknown compound as [W(OCMe2CF3)2(C1)]2(p-NAr')2. The product reflects net 
oxidation of the metal center from W" to wV,  and the stoichiometry of the reaction shown in 
Reaction 3.3. Oxidation of [W(NAr')(OCMe2CF3)2]2 with CC14. 
Reaction 3.3 suggests that the by-product is "CC12". Although the final fate of "CC12" is still 
unknown, NMR scale reaction suggests that it is reacting further to give a small amount of yet 
unidentified product(s). Note that further oxidation of [W(OCMe2CF3)2(C1)]2(p-NAr')2 was not 
observed even in the presence of excess CC14 at room temperature. Heating 
{W(NAr')[OCMe2(CF3)I2C1f in the presence of excess CCIJ above 80 OC cleanly produces an 
asymmetric product whose nature is currently unknown. 
The solid-state structure of [W(OCMe2CF;)2(C1)]2(p-NAr')2 was obtained by Dr. Peter 
Miiller. Chem3D drawings of its molecular structure and inner coordination sphere are shown in 
Figures 3.1 and 3.2, respectively. The pertinent bond lengths and angles are listed in Table 3.1. 
The structure exhibits edge-sharing trigonal bipyramidal geometry with equatorial alkoxide 
groups and an axial C1 ligand. Notice that the two imido groups are now symmetrically bridging 
the two metal centers forming a W2N2 core. Unlike the planar MozN2 core of the 
Figure 3.1. Solid-state structure of [W(OCMe2CF3)2(C1)]2(p-NAr')2. 
Figure 3.2. Inner coordination sphere of [W(OCMezCF3)2(C1)]2(p-NAr')2 
showing the numbering scheme used in Table 3.1. . . 
Table 3.1. Selected intramolecular distances (A) and bond angles (degrees) 
[MO(OR)~]~(~-NR ' )~~*  complexes discussed in Chapter 2, that of [W(OCMe2CF3)2(C1)]2(p- 
NAr1)2 is slightly folded about the W-W bond, with a dihedral 'butterfly' angle of 1 
5 5.70(12) degrees. However, the time-averaged CZh structure predicted by spectroscopic data 
suggests that (a) the W2N2 core is flexible and fluxional in solution andlor (b) this 'butterfly' 
structure is a consequence of crystal packing in the solid state. The W-W bond length of 
2.6296(2) is consistent with a (w-w)'" moiety which has a formal dl--dl M-M single 
b ~ n d , ~ ? ~  which is in agreement with the observed diamagnetism of the compound. The 
lengthening of the W-N bonds by -0.2 A and the decrease in W-N-C bond angles (-135 
degrees) relative to those of the parent compound (W=N = 1.753(3) A and W-N-C = 172.1(3) 
degrees) are what one might expect from the observed change in coordination mode of the imido 
ligands. The W-Cl distances are not ~nusua l , ' ~  and the other bond lengths and angles are not 
much different from those in the parent species, [W(NAr')(OCMe2CF3)2]z (Chapter 2) 
3.2 Reaction with Lewis Bases 
Base-binding studies revealed that [W(NAr')(OCMe2CF3)2]2 forms 1:l adducts with 
simple donor ligands like PMe3, PPhMe2 and pyridine even in the presence of excess amounts of 
base (Reaction 3.4). The 'H NMR spectra of the monoadducts are very similar, and that of the 
Ar' 
I 
N 
Lewis Base, L 
* [W(NArt)(oCMe2CF3)212(L) 
pentane, rt 
N L = PMe,, PPhMe?, pyridine 
I NAr' = N-2,6-Me2Ar 
Ar' 
green crystals 
Reaction 3.4. Adduct formation of [W(NAr')(OCMe2CF3)2]2 with simple Lewis bases. 
PMe3 adduct is shown in Figure 3.3. The spectrum (C6D6, 500 MHz) suggests that the solution 
structure of [W(NAr')(OCMe2CF3)2]2(PMe3) has no element of symmetry which leads to four 
inequivalent OCMezCF3 ligands. In the absence of molecular mirror plane of symmetry, the Me 
groups of the alkoxides are observed as eight distinct singlets in the 'H NMR spectrum. All four 
CF3 groups likewise appear as well-separated resonances in the NMR. The 3 1 ~  NMR 
spectrum, on the other hand, shows 1 8 3 ~  coupling to the phosphorus atom of PMe3 ligand (~JPW 
= 271 Hz), which implies strong tungsten-ligand interaction. Note however that while bound 
PMe3 does not exchange with free PMe3 at room temperature in the 3 1 ~  NMR time scale, less 
nucleophilic PPhMe2 and pyridine are relatively more labile. Attempts to isolate analytically 
pure samples of PPhMe2 and pyridine adducts are therefore hampered by the loss of base in 
vacuo. Note too that although these adducts are highly crystalline, X-ray quality crystals have yet 
to be obtained. 
7 . 0  6 .5  6 .0  5 . 5  5 . 0  4 .5  4 .0  3 .5  3 .0  2 .5  2 . 0  1 . 5  ppm 
Figure 3.3. 'H NMR Spectrum (C6D6, 500 MHz) of [W(NAr')(OCMe2CF3)2]2(PMe3) 
3.3 Reactions with Small Unsaturated Molecules 
The W(IV)/W(IV) double bond of [W(NAr')(OCMe2CF3)2]2 renders the dimer a 
potentially attractive template for uptake of small unsaturated compounds. The following 
discussion illustrates that indeed, [W(NAr')(OCMe2CF3)2]2 exhibits a broad range of reactivity 
with such substrates. 
3.3.1 Reaction with Acetonitrile 
Reaction of dark yellowish-brown solution of [W(NAr1)(OCMe2CF3)2]2 in benzene with 
four equivalents of CH3CN over 1 hour generates a reddish brown reaction mixture. Removal of 
the volatiles in vacuo and recrystallization from pentane afforded red-brown microcrystals which 
were found by spectroscopic studies to be a mixture of two types of products, A and B. The 
major product A (-90%) displays sharp singlets at 2.42 ppm for the equivalent methyl groups of 
MezArN ligand, 1.48 and 1.45 ppm for the diastereotopic methyl groups of OCMe2CF3, and 1.85 
ppm for the bound CH3CN on the 'H NMR spectrum (C6D6, 500 MHz). Note that the spectrum 
remained virtually unchanged even at temperatures as low as -80 "C. Only one type of CF3 group 
is present in A giving rise to a singlet at -82.89 ppm on the 1 9 ~  NMR. On the basis of the spectra 
obtained, an empirical formula of "W(NAr')(OCMe2CF3)2(CH3CN)" is proposed and a highly 
symmetrical dimeric structure is expected for the major product A. The minor product B, on the 
other hand, has four inequivalent CF3 groups on the 1 9 ~  NMR indicative of highly asymmetric 
solution structure. Resonances typical of asymmetric compound, presumably due to B, are also 
observed in the 'H NMR spectrum. Unfortunately, the overlap of these resonances with those of 
A hampers the full spectroscopic characterization of Product B. 
Single crystal obtained from pentane solution of the mixture of products A and B at 
-30°C was subjected to X-ray crystallographic studies. The molecular structure obtained by Dr. 
Peter Miiller is depicted in Figure 3.4, and selected bond lengths and angles are summarized in 
Table 3.2. The inner coordination sphere showing the numbering scheme used in Table 3.2 is 
illustrated in Figure 3.5. It is evident that the highly asymmetric solid-state structure obtained 
cannot be reconciled to the exceedingly simple spectra observed for Product A, and is therefore 
presumed to be Product B. The structure consists of two distorted trigonal bipyramidal tungsten 
fragments joined along the edges by bridging NArl and "NC(Me)C(Me)NV ligands. The most 
striking feature of the molecule is the presence of the "NC(Me)C(Me)N" moiety derived from 
the reductive coupling of two acetonitrile molecules. 
Dimerization of acetonitrile ligands to yield "NC(Me)C(Me)N has been observed in a 
number of c ~ m ~ l e x e s . ~ ~ ' ~ ~  Isolation and structural characterization of these compounds have 
established two possible formulations for the bridging "NC(Me)C(Me)N ligand. These are 
Figure 3.4. Solid-state structure of 
(OCMe2CF3)2W(p-NAr')[p-N(Me)C=C(Me)N=] W(NAI-')(OCM~~CF~)~. 
Figure 3.5. Inner coordination sphere of 
(OCMe2CF3)2W(p-NAr1)[p-N(Me)C=C(Me)N=] W(NAr1)(OCMe2CF3)2 
showing the numbering scheme used in Table 3.2. 
Table 3.2. Selected intramolecular distances (A) and bond angles (degrees) 
[diiminatol2- [enediimido]" 
[butane-2,3-diiminato12- and [butene-2,3-diimido14- which result from two- and four-electron 
reductive acetonitrile coupling, respectively. These formulations are not related by resonance 
structures and are readily distinguished by their metrical parameters. The [butane-2,3- 
diiminato12' linkage, where the C-C bond is typically longer than the C-N bonds, has been 
observed in Templeton's [p-NC(M~)C(M~)N] [w(co)~ ( H B ( M ~ ~ ~ Z ) ~  ~ 1 2 ~ ~  where 
[ H B ( M ~ ~ ~ z ) ~ ] -  = hydrotris(3'5-dimethylpyrazol-1-yl borate anion, and in Cummins' [p- 
NC(Me)C(Me)N] ( M O [ N ( ~ - B U ) A ~ ] ~ ) ~ ~ ~  complex. The formation of [butene-2,3-diimido14- from 
Table 3.3. Structural Comparison of Bridging "NC(Me)C(Me)NV (p-L) Complexes. 
four-electron reductive coupling of acetonitrile has been observed more often. 20-24,27 The [P- 
NC(M~)=C(M~)N]~-  moiety is distinguished by the double bond character of the central C-C 
bond, as well as by the multiplicity of the bonds formed by the nitrogen atoms with the 
metal (M=N). Crystallographically characterized examples of diiminato and enediirnido 
"NC(Me)C(Me)N" complexes, and their distinctive structural features are summarized in 
Table 3.3. 
For the planar "N(Me)CC(Me)N" ligand in Figures 3.4 and 3.5, the newly formed C(1)- 
C(2) bond has a length of 1.377(5) A, consistent with a double bond (c.f. C-C = 1.54 A, C=C = 
1.34 A)28. The C-N distances of 1.387(4) and 1.367(4) A are longer than typical C=N double 
bonds (c.f. 1.27 A)28 and are indicative of single bond character. Clearly, the distances and 
Formulation 
diiminato 
diiminato 
enediimido 
enediimido 
enediimido 
enediimido 
C-N, A 
1.28(3) 
1.325(12) 
1.378(8) 
1.405(10) 
1.384(5) 
1.365(16) 
C-C, A 
1.40(4) 
1.43(2) 
1.35(1) 
1.347(16) 
1.337(10) 
1.37(3) 
Complex 
[p-L] [ ~ ( ~ 0 ) 2  ( ~ ~ ( ~ e z p z h )  12 25 
[p-L] (Mo[N(t-Bu)ArI3 ) 2 26 
[p-L] [N~c~~(cH~cN)]:~ 
[p-L] [TaC13(THF)]2 21723 
[p-L] [TiClz(TMEDA)l2+CH3CN 24 
[P-L] [W(TP')(O)(I)]~ 27 
M-N, A 
1.88(2) 
1.814(8) 
1.75(1) 
1.747(7) 
1.699(4) 
1.79 l(8) 
angles observed in the "NC(Me)C(Me)N present in the compound reported here are only 
consistent with a formal butene-2,3-diimido4- electronic description for the bridging ligand. The 
W-(N4) bond length of 1.817(3) A, though slightly longer than the 1.739(3) A length of 
W=N(l)Ar', is nonetheless within the range observed for other terminal imido ligands.29 The 
similarity of the W-N bond lengths of p-N(2)Ar1 to those of the nitrile-derived N(3) atom 
likewise supports the tetraanionic formulation of the coupled acetonitrile ligand. The W..'.W 
distance of 3.2703(3) A is consistent with the absence of any significant M-M bonding 
interaction, and is most likely imposed by the bridging [ N C ( M ~ ) ] ~ ~ -  and NArf ligands. More 
importantly, this is in agreement with the four-electron reductive acetonitrile coupling to give the 
enediimido ligand, with each metal behaving as 2-electron reducing agent. It is certainly worth 
noting that the observed binding mode of [N(M~)c=c(M~)N]~- in Figures 3.4 and 3.5 to give a 
five-member metallacycle is atypical of [butene-2,3-diimido14- ligands derived from dimerization 
of acetonitrile. This type of binding was first observed in the [Re2X3(p-HN2C2Me2)(p- 
d~pm)~(NcMe)]PF~ (X = C1, Br, dppm = Ph2PCH2PPh2) complexes reported by Walton and 
coworkers.30731 However, in these dirhenium compounds the reductive coupling of acetonitrile 
ligands is accompanied by the "protonation" of one of the nitrogen atoms of the coupled ligand 
to yield the "p-HN2C2Me2" moiety. In the enediimido complexes cited in Table 3.3, the bridging 
[butene-2,3-diimido14- ligand binds to the two metal 
centers as shown in Figure 3.6. Notably, the M 
spectroscopic properties of the yet unidentified product 
\ N 
\ 
A is consistent with a C2h-syrnmetric 
/Me 
[p-N(Me)C=C(Me)N] [W(NAr1)(OCMe2CF3)2]2. It is 
/c=c\ Me N \ 
therefore possible that product A is a structural isomer M 
of B, wherein the [N(M~)c=c(M~)N]~- ligand is Figure 3*6* binding mode 
of [N(M~)c=c(M~)N]" 
symmetrical bridging the two metal centers in a manner 
akin to that shown in Figure 3.6. 
One of the questions raised by the structure obtained is how the metal atoms promote the 
reductive coupling of acetonitrile. Mechanistic investigation of this transformation should 
therefore prove interesting. Moreover, the use of multiply bonded dinuclear complexes as 
electron sources for reductive dimerization of organic molecules is still and 
clearly merits further study. 
3.3.2 Reaction with 2-Butyne 
Treatment of hydrocarbon suspension of [W(NAr')(OCMezCF3)2]2 with 2-butyne at room 
temperature resulted in immediate formation of a red-orange solution from which bright orange 
crystals were isolated in 82% yield. X-ray crystallography established that the product is the 1 : 1 
adduct, [W(NAr')(OCMe2CF3)2]2(p-MeCCMe). Chem3D representations of the structure and 
inner coordination sphere of this compound are shown in Figures 3.7 and 3.8, respectively. 
Pertinent bond lengths and angles are listed on Table 3.4. Figure 3.7 shows a solid-state structure 
that has no element of symmetry. Notice that W(1) has one more alkoxide while W(2) has 
one less alkoxide ligand relative to the parent compound. Note too that one of the imido groups 
is now in bridging position. These suggest that the dimer is labile towards transfer of ligands 
between metal centers (vide infra). Most importantly, the structure clearly shows the 2-butyne 
ligand bridging the two metal centers. 
Dinuclear complexes bridged by acetylenes generally adopt either "parallel" or 
'perpendicular" structures.33 These two modes of p-alkyne binding are distinguished by the 
C-CIW-W twist angles, which for parallel and perpendicular binding are ideally 0" and 90°, 
Parallel Perpendicular 
respectively. Several intermediate structures have been noted.34-37 Of particular interest to us are 
the non-parallel, non-perpendicular bridging alkyne adducts of the d2/d' dimer, [W2(0CH2-t- 
Bu)~], with C--C/W-W twist angles of -65" . 36,37 For the [W(NAr')(OCMe2CF3)2]2(p- 
MeCCMe) compound reported here, the observed C-CIW-W twist angle of 78" is more 
consistent with perpendicular mode of addition, and in agreement with the pq2,q2 coordination 
mode suggested by Figures 3.7 and 3.8. If the MeCCMe moiety is viewed as occupying a single 
coordination site, the geometry about W(1) may be viewed as pseudo-trigonal bipyramidal with 
the bound 2-butyne, and alkoxide O(2) and O(3) occupying the equatorial plane. The local 
geometry about W(2), on the other hand, is approximately tetrahedral. The two tungsten centers 
Figure 3.7. Solid-state structure of [w(NA~')(ocM~~cF~)~]~(~-~\~~~\~-M~ccM~). 
- .  
Figure 3.8. Inner coordination sphere of [w(NA~')(ocM~~cF~)~]~(~.-~~~~~-M~ccM~) 
showing the numbering scheme used in Table 3.4. 
Table 3.4. Selected intramolecular distances (A) and bond angles (degrees) 
of [w(NA~')(ocM~~cF~)~]~(~-~~,~~-M~ccM~). 
share an edge formed by 2-butyne and the N(l) atom of the bridging imido ligand. The W-W 
distance of 2.7559(3) A is notably longer than in [W2(0CH2-t-Bu)~](p-Rc=cR) complexes 
(2.59 - 2.65 A),7 but otherwise comparable to other W-W single bonds.19 The coordinated 
alkyne central C-C distance of 1.389(5) is comparable to those reported for other bridging 
acetylenes and consistent with a C=C double bond.5-7733337 Moreover, the bound 2-butyne is 
approaching the geometry of cis-2-butene with both the C=C-C angles deviating from 180" by 
-53". The nonlinear C-C-C angles, along with the relatively short W-C distances, clearly 
imply extensive W(d,)-to-butyne x*-back-bonding. Coordination of acetylenes to transition 
metals is also characterized by twisting of the C-C bond.38 This twisting is manifested by 
nonzero C-C-C-C torsion angle, which in this case is 27.7". Other bonds to the metal center 
reveal the expected trend. The p-N-W distances of 1.977(3) and 1.962(3) A, for instance, 
suggest W-N single bonds with some further n-bonding, and are typical of bridging imido 
ligands donating between four and six electrons in t~ t a l . ' ~  
The spectroscopic properties of [W(NAr')(OCMe2CF3)2]2(CL-MeCCMe) ar  also worth 
discussing. The C, atoms are observed at 6 223.19 ppm (Jew = 1 14 and 12 Hz) and 197.1 8 ppm 
(Jew = 134 and 12 Hz) in "C NMR spectrum (toluene-dn). The coupling of both resonances to 
two different '"w nuclei is consistent with the observed p,-q2,q2 binding of 2-butyne to the two 
metal centers. [W(NAr1)(OCMe2CF3)2]2(p-MeCCMe) displays temperature dependent NMR 
spectra, and only at low temperatures are the spectra consistent with the observed asymmetric 
1 solid-state structure. Figure 3.9A illustrates a portion of the H NMR spectrum of 
[W(NAr1)(OCMe2CF3)2]2(p-MeCCMe) obtained at -60 "C (toluene-ds, 500 MHz), showing the 
peak assignments determined using Heteronuclear Multiple Bond Correlation (HMBC) 
experiment.39 At this temperature, both 2,6-Me2At-N rings are frozen out and the two pairs of 
imido methyl groups are observed as four distinct singlets in the spectrum (A, A' and B, B'). The 
methyl groups of the bound 2-butyne are likewise inequivalent, giving rise to resonances at 
3.19(C) and 2.85(C1) ppm. The OCMe2CF3 ligands, on the other hand, are observed as sharp 
singlets (1-8) in the region of 0.6 to 2.0 ppm. As the temperature is raised, resonances A and A' 
broaden until they eventually coalesce at -10 "C. This is likely a consequence of the rotation of 
one of the 2,6-Me2ArN rings, presumably the terminal imido group on W(2), occurring at an 
Figure 3.9A. Portion of the 'H NMR spectrum of [W(NArl)( OCMe2CF3)2]2(p-MeCCMe) 
obtained at -60 "C (toluene-ds, 500 MHz). 
appreciable rate in the time scale of 'H NMR. A fluxional process selectively involving two of 
the alkoxide groups was also detected. Two pairs of OCMe2CF3 methyl groups (1 and 2 ,6  and 7) 
similarly coalesce at higher temperatures (Tc = -20 "C for 6 and 7, Tc =: 10 "C for 1 and 2). As 
shown in Figure 3.9B, six types of OCMe2CF3 methyl groups appear in 2:1:1:1:2:1 ratio at 
10 "C, indicative of the equivalence of two of the alkoxide ligands at this temperature. This was 
confirmed by analogous variable temperature 1 9 ~  NMR study. Interestingly, while the resonance 
for equivalent 2,6-MezArN methyl groups (A+B) becomes more sharp above 10 "C, the two 
broad OCMe2CF3 methyl peaks (1+2 and 6+7) further broaden until they coalesce at 40 OC. 
Hence, only five types of alkoxide methyl groups in the ratio of 1:4: 1:l: 1 are observed above 
40 "C (Figure 3.9C). The equivalence of the four methyl groups of two OCMe2CF3 implies that 
the diastereotopic methyl groups of the equivalent alkoxide ligands become themselves 
equivalent at elevated temperatures. Since 5-coordinate systems are quite notorious for their 
fluxionality, it is likely that the observed fluxional behavior involves two of the alkoxides in the 
distorted pseudo-trigonal bipyramidal tungsten center (W(1)). However, the exact nature of the 
evidently complex fluxional process is unclear at this point, especially since the participation of 
the other ligands (e.g. MeC-CMe) in the dynamic process is yet unknown. 
4 3 2  3.0 2.a 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 
* residual pentane 
Figure 3.9B. Portion of  the 'H NMR spectrum of  [W(NAr')( OCMe2CF3)2]2(p-MeCCMe) 
obtained at 10 "C (toluene-d8, 500 MHz). 
B 
.I 3-2 3.0 2.8 2.6 2 4  2.2 2.0 1.8 1.6 4 1.2 1.0 0.8 ppm 
* residual pentane 
Figure 3.9C. Portion of  the 'H NMR spectrum of  [W(NAr')( OCMe2CF3)2]2(p-MeCCMe) 
obtained at 60 OC (toluene-ds, 500 MHz). 
3.3.3. Reaction with Carbon Monoxide 
. .. 4 
Toreki has shown that the Re=Re dimers, [Re(c-t-B~)(oR)~]~ (OR = 0-t-Bu and 
. OCMe2CF3), exhibit fascinating reactivity with carbon monoxide.16 For instance, reversible 
- - -binding of CO was found to catalyze the rapid conversion of [Re(c-t-Bu)(O-t-B~)~]~ to [Re(O-t- 
B~)~l~(p-C-t-Bu)~.  In the case of [R~(C-~-BU)(OCM~~CF~)~]~ ,  CO binds more tightly to the metal 
and [Re(OCMe2CF3)2(C0)]2(p-C-t-Bu)2 can be isolated. We were therefore motivated to 
examine the analogous reaction of [W(NAr')(OCMe2CF3)2]2 with CO. In this case, however, 
formation of [W(OCMe2CF3)2(C0)]2(p-NAr')2 was not observed. Instead, the reaction gave a 
. . 
- - -  
mixture of several products. Single crystals of a yellow compound were manually isolated from 
the reaction mixture and subjected to X-ray diffraction studies. The compound was found to be 
W(NAr')2(0CMe2CF3)2 and its structure, obtained by Adam Hock, is shown in Figure 3.10. The 
other products of the reaction have not yet been identified at this point, although it is believed 
that it includes terminal CO-containing compound(s) based on the appearance of carbonyl 
stretches at 1960, 1974, 2070 cm-l. Moreover, the reaction of [W(NAr')(OCMe2CF3)2]2 with CO 
. - . . . 
. . . A  . - .  
. . . . 
.. . 4 . 
Figure 3.10. Solid-state structure of W(NAr')2(0CMe2CF3)2. 
Table 3.5. Selected intramolecular distances (A) and bond angles (degrees) 
most likely involves an intermediate with bridging carbonyl ligand as evidenced by the 
appearance of transient CO stretch at 1754 cm-' when the reaction is monitored by IR 
spectroscopy. Although the reaction has not yet been pursued hrther at this time, this result 
further illustrates the tendency of the dimer to undergo ligand transfer between metal centers 
upon binding Lewis bases. 
3.4. Reactions with Olefins 
The regeneration of alkylidenes from olefin complexes of reduced metal species has been 
a long standing goal in our group. 14,40-42 This is of particular interest not just fi-om the point of 
view of fundamental organometallic chemistry, but also in the context of regeneration or 
extension of olefin metathesis activity. Documented examples of forming an alkylidene fi-om an 
olefin complex are rare, and only two pathways for this transformation have been reported. One 
recognized mechanism is the "H"-mediated olefin-to-alkylidene rearrangement observed in 
[(M~~s~NcH~cH~)~N]T~(H~c=cH~)~~ and (t-B~~SiO) M(olefin) (M = Nb and ~ a ) ~ ~ ~ ~ ~  
complexes. The second involves the formation and ring-contraction of a metallacyclopentane 
complex, followed by the retro-cycloaddition of the resulting metallacyclobutane to give an 
olefin and an alkylidene. Ring contraction of MC4 complexes are known for M = ~ a ; l  ~ e , 4 ~  and 
~ 0 . ~ ~  Note that only in the Mo system was metathesis activity observed. 
The formation of dimeric [M(NR)(ORf)2]2 species from the reductive coupling of 
M(NR)(CHR')(OR")2 (Chapter 2) appears to be an undesirable process in catalytic olefin 
metathesis. If these reduced dimeric species can themselves react with olefins to reform the 
alkylidene, the damaging results of bimolecular decomposition would be reversed. Metathesis of 
M=M by olefins is also attractive because of its analogy to the known metathesis of M=M by 
acetylenes.46747 To this end, M=M complexes were treated with olefins and were found to slowly 
catalyze metathesis reactions. For instance, Rojendra Singh has shown that reaction of 
[W(NAI!)(OCM~~CF~)~]~ with 10 equivalents of norbornene in C6D6 led to the formation of 
polynorbornene (87% cis) over a period of 24 hours at 22 "c.14 The molecular weight of the 
sample obtained is approximately 50 times that of the polymer prepared using W(NArf)(CH-t- 
Bu)[OCMe2(CF3)I2 as the catalyst. If the norbornene polymerization processes are assumed to be 
living, then only -2% of the dimer is "activated" by the olefin to yield a metathesis catalyst. It 
did not therefore come as a surprise that the alkylidene protons of the growing polymer were not 
observed when the polymerization was followed by 'H N M R . ~ ~  What was observed was that the 
dimer forms an adduct with norbornene. The resulting norbornene complex, however, is not 
stable enough to be isolated as it loses norbornene as polynorbornene is formed. Other olefins 
have proven to be less susceptible to metathesis by [W(NAr')(OCMe2CF3)2]2. For instance, both 
c i ~ - 2 - ~ e n t e n e ~ ~  and PhHC=CHPh showed no reaction with [W(NArf)(OCMe2CF3)2]z. Treatment 
of the dimer with 20 equivalents of diallyl ether resulted in rapid color change from dark brown 
1 to light yellow, while no ring-closing product was observed in the H NMR spectrum. 
[MO(NA~)(CH~-~-BU)(OC~F~)]~ was similarly found to exhibit metathesis activity. Sinha has 
shown that [MO(NA~)(CH~-~-BU)(OC~F~)]? can likewise polymerize norbornene, and is in fact 
active even for the ring-closing metathesis of diallyl ether (22 "C, 20h, 71%; 50 "C, 3h, 86%) 
and N,N-diallyl-toluene sulfonamide (5 5 "C, 1 h, 95%). 
Since the dimers are prepared from the bimolecular reaction of unstable alkylidenes, a 
valid concern is the possibility that residual amounts of alkylidene present as an impurity is 
responsible for the observed metathesis reactions. The development of a synthetic route to the 
dimer which does not involve an alkylidene, i.e. via direct reduction of 
W(NArf)[OCMe2(CF3)I2Q with two equivalents of sodium amalgam or potassium graphite 
(Scheme 2.3, Chapter 2),1%nabled us to verify the aforementioned results. The dimer obtained 
using this method was tested and was likewise found to initiate metathesis reaction. This result 
thereby eliminates the possibility that any observed activity can be ascribed solely to traces of 
alkylidenes. 
When ethylene was condensed to hydrocarbon solution of [W(NAr')(OCMe2CF3)2]z, the 
reaction mixture which was green when frozen immediately turned yellow upon warming to 
room temperature. The spectroscopic properties of the golden yellow product are consistent with 
a mono-ethylene adduct whose solution structure lacks an element of symmetry. The molecule is 
stereochemically rigid on the NMR time-scale at room temperature, with all four ethylene 
protons inequivalent and observed as distinct resonances at 4.3 1 (m, JC" = 158 Hz), 3.1 1 (m, JCH 
= 150 Hz), 1.84 (m, JCH = 150 HZ) and 1.62 ppm (m, JCH = 153 HZ). The ethylene carbons were 
observed at 66.18 (Jew = 60 Hz) and 33.97 ppm (Jcw = 22 Hz) in the 13c NMR spectrum 
(toluene-d8). A 'JCC of 26 Hz was determined, which is considerably reduced compared to 67 Hz 
of free ethylene. Tungsten satellites are evident on both carbon resonances of the bound ethylene 
on the I3c NMR spectrum, implying a strong metal-ligand interaction at room temperature. 
Variable temperature NMR studies revealed however, that such is not the case at high 
temperatures since the adduct was found to lose ethylene at elevated temperatures. The adduct 
likewise loses ethylene slowly in the solid state, especially in vaczio, a fact that could account for 
the low carbon content in attempted elemental analyses. 
Crystals suitable for X-ray study were grown from pentane at -30 OC. The molecular 
structure obtained by Dr. Peter Miiller (Figure 3.1 1) shows a dimer with bridging alkoxide and 
more importantly, an ethylene ligand asymmetrically bridging the two metal centers. All four 
protons on the ethylene fragment were located, and there is no evidence for any agostic 
interaction5' of an ethylene CH bond with tungsten. The ClE-C2E bond distance of 1.493(9) A 
is notably longer than that of free ethylene (c.f. 1.337 A)'8 and is essentially a C-C single bond. 
This is consistent with the low Jcc value determined by "C NMR, as well as with the observed 
loss of planarity of the ethylene ligand manifested by the bending back of the hydrogen atoms 
away from the metal. The metrical parameter commonly used to describe the bending back of the 
olefin substituents is the dihedral angle formed by the two H-C-H planes,3s which is 180" for free 
ethylene and 103" in this case. The W-W bond (2.6429(4) A) is significantly lengthened 
compared to that of the parent compound (W=W = 2.4905(3) A) and is more consistent with a 
view that a single bond is involved between the two metal centers. The asymmetry of ethylene 
binding to the two metal centers is clearly manifested by the W-C bond lengths. While the 
interaction between one methylene carbon (C(1E)) and W(l) is marginal (2.445(7) A) and 
approaching non-bonding, the W-C bonds to W(2) are relatively short (2.098(7) A) and long 
Figure 3.11. Solid-state structure of [W(NAr')(OCMe2CF3)2]3(p-C2H4). 
Figure 3.12. Inner coordination sphere of [W(NAr')(OCMe2CF3)2]2(p-C2H4) 
showing the numbering scheme used in Table 3.6. 
Table 3.6. Selected intramolecular distances (A) and bond angles (degrees) 
(2.322(7) A), respectively, for a W-C single bond (typically 2.2 A). On the basis of these 
struchlral parameters, it may be construed that the 13c resonances observed at 66.18 (Jcw = 60 
Hz) and 33.97 ppm (Jcw = 22 Hz) correspond to C2E and ClE, respectively. The resulting W2C2 
core is slightly folded about the W(2)-C(1) bond, with a butterfly angle of 19.2". Other bonds 
to the metal are consistent with the expected trend. For example, bridging W - O R  bonds 
(2.106(4) and 2.202(5) A) are longer than terminal W--OR bonds (average =: 1.9 A) as is 
typically the case. The p-W-OR distances however are notably asymmetric. 
. , 
The similarities between the W2C2 core of the ethylene complex and the WC3 ring of 
known metallacyclobutane52 complexes are noteworthy (Figure 3.13). For instance, the short 
A '  'W(2)--C(2E) bond of W2C2 is comparable to the W-C, bonds of WC3, and the spectroscopic 
properties of Ca are likewise remarkably similar to those of C(1E). There is therefore good 
reason to propose that [W(NAr')(OCMe2CF3)2]2(p-C2H4) contains a 1,2-dimetallacyclobutane 
ring. , . 
JCH = 152 to 158 HZ 
. . .  
Jew = 60 and 22 Hz 
Figure 3.13. Comparison of W2C2 and WC3 cores of [W(NAr')(OCMe2CF3)2]2(p-C2H4) and 
. .  . 
. . W(C3H6)(NAr')[oC(CF3)2(CF2CF2CF3)]2]2, respectively. 
[W(NAX-')(OCM~~CF~)~]~ is related to Norton's [os~(co)~]~' and Chisholm's 
[W~(OCH~-~-BU)~]~  by virtue of the isolobal a n a 1 0 ~ ~ ~ ' " ~  between their monometallic fragments 
and CH2. The ethylene adducts of these related dimers, however, are notably different. 
.[OS~(CO)~] binds ethylene in a bridging fashion to give the first structurally characterized 
. .. ' -  . . example of 1,2-dimetallacyclobutane complex.56357 In the diosmacyclobutane shown in 
Figure 3.14A ethylene is bound to the dinuclear centers in p-ql,ql fashion to give a C2- 
symmetric species. All four ethylene protons are equivalent and were observed in the 'H NMR 
spectrum as a single sharp resonance down to -90 "C. [W~(OCH~-~-BU)~], on the other hand, 
reacts with one equivalent of ethylene to give a monoadduct where ethylene is believed to be 
bound to a single metal center? The molecular structure shown in Figure 3.14B is proposed 
based on the observed spectroscopic properties of this compound. Unfortunately, crystals of this 
mono-ethylene adduct suitable for X-ray diffraction studies are yet to be obtained. 
(B) 
Figure 3.14. (A) [0~2(~0)8](p-q',q~-~2~4)~~~~ and (B) [ ~ z ( o ~ ~ z - t - ~ u ) s ] ( ~ - ~ 2 ~ 4 ) ~ .  
[W(NA~')(O-~-BU)~]~, prepared in situ as described in Chapter 2 (Reaction 2.6), was 
similarly reacted with 13c-labelled ethylene in an NMR scale reaction to give a mono-ethylene 
adduct, as determined by NMR. The solution structure of [W(NA~')(O-~-BU)~]~(~-'~C~H~) also 
lacks an element of symmetry and all the 0-t-Bu ligands are inequivalent in the 'H NMR 
spectrum. Unfortunately, there is some overlap between these resonances and those of bound 
ethylene, which are hrther split by the interaction with 13c of labeled ethylene. The 13c NMR 
spectrum is more straightforward, and the bound ethylene was clearly observed at 57.71 and 
3 1.46 ppm (Jcc = 26 Hz) on the 13c NMR. We believe that the overall structure of this ethylene 
complex is similar to that shown in Figure 3.1 1, hence full structural characterization was not 
undertaken. This observed reactivity of [W(NA~')(O-~-BU)~]~ with ethylene has led us to propose 
that [W(NA~')(O-~-BU)~]~ is an unbridged dimer, and not the presumably less reactive imido- 
bridged isomer [W(O-~-BU)~]~(~-NA~ ' )~  (see Chapter 2). 58 
Heating a toluene solution of [W(NAr')(OCMezCFs)2]2(p-C2&) at temperatures above 
80 "C in a sealed vessel for several days gave a sparingly soluble brick red compound. The 'H 
NMR spectrum of the CI-symmetric species suggests the presence of an ethyl ligand as a 
Figure 3.15. Solid-state structure of 4 .  
(OCMe2CF3)2(Et)W(p-NAr')(p-N-2-CH2-6-MeC6H3) W(OCMe2CF3)2. 
Figure 3.16. Inner coordination sphere of 
(OCMe2CF3)2(Et) W(p-NAr1)(p-N-2-CH2-6-MeC6H3) W(OCMe2CF3)2. 
Table 3.7. Selected intramolecular distances (A) and bond angles (degrees) 
consequence of activation of an oaho methyl group in the NAr' ligand. The formulation of the 
compound was determined by 'H NMR based on the appearance of only three of the originally 
four NArl methyl groups, and a doublet at 4.45 ppm (JCH = 18 HZ) for one of the methylene 
protons in the activated former NArl methyl group, in addition to other ligand peaks. The 
structure was definitively established by a single crystal X-ray structure determination. The 
molecular structure illustrated in Figure 3.16 clearly shows that ethylene has indeed been 
converted to an ethyl group as a result of the CH activation of one of the imido methyl groups. 
Both imido groups are symmetrically bridging the two metal centers forming the shared edge of 
two pseudo-trigonal bipyramidal fragments. No bonds or angles (Table 3.7) in 
(OCMezCF3)2(Et)W(~-NAr')(p-N-2-CH2-6-MeCH)W(OCMeCF) are unusual. 
The o b s e ~ e d  conversion of bound ethylene in [W(NAr')(OCMe2CF3)2]2(p-C9H4) to an 
ethyl ligand via CH activation of one of the ligand methyl groups is reminiscent of the formation 
of Wolczanski's tantalum "tuck-in" alkyl complex from the parent olefin (Scheme 3 . 1 ) . ~ ~  
"tuck-in" alkyl 
Scheme 3.1. Conversion of ethylene to ethylidene via bbtuck-in" alkyl intermediate. 
Interestingly, this tuck-in alkyl is the proposed intermediate in the olefin-to-alkylidene 
isomerization in (t-Bu;SiO);Ta and (t-%u;SiO);Nb systems. Note that both 
[W(NAr1)(OCMe2CF3)2]2(p-C2H4) and the ethyl complex were found to metathesize 
norbomene. While [W(NAr1)(OCMe2CF3)2]2(p-C1H4) was found to polymerize norbornene at 
approximately the same rate as [W(NA~' ) (OCM~ZCF~)~]~ itself, the ethyl complex polymerizes 
norbomene much more slowly than the ethylene adduct (ten equivalents in 48 h in C6D6). It must 
be emphasized that the working hypothesis at this point is that alkylidenes are responsible for the 
observed metathesis activity even though they are yet to be observed. The actual nature of the 
metathecally active alkylidene, and how it is generated from the dimeric species are unclear as of 
yet. It is not necessary to propose that the reformation of W=C bond requires cleavage of the 
M=M double bond to give monometallic species, especially since the dimer is susceptible to 
transfer of ligands between metal centers (vide supru). For instance, alkylidene of the type 
(OCMe2CF3)3W(p-NAr')2W(OCMe2CF,)(CHMe) could form via a hydrogen abstraction from 
the ethyl ligand of (OCMezCF3)2(Et) W ( p - N A r l ) ( p - N - 2 - C H 2 - 6 - M e C m ) ,  in a 
manner analogous to that found by Wolczanski and  coworker^.^ However, it appears from the 
aforementioned results that formation of an alkylidene directly from (OCMe2CF3)?(Et)W(p- 
NAI-')(~-N-~-CH~-~-M~C~H~)W(OCM~~CF~)~ is slow compared to other mechanism(s) of 
alkylidene formation. Hence, the possibility that dimeric species are in fact not directly involved 
in forming the alkylidene, but serve only as precursors to monomeric species cannot be 
completely ruled out at this point. Clearly, further studies of reactions between olefins and 
reduced Group VI complexes (monomers or dimers) are necessary. 
It has been established by variable temperature NMR studies that the ethylene adduct 
loses olefin at elevated temperatures (vide supra). The formation of the ethyl complex from 
[W(NAr')(OCMe2CF3)2]2 in the presence of free ethylene therefore requires bridging of the NAr' 
ligands, CH-activation of one of the NAr' methyl groups, and coordination of ethylene to the 
dimeric compound (not necessarily in that order). While the intermediates in this transformation 
are still unknown, the series of reactions shown in Scheme 3.2 is an attractive possibility. It 
potentially explains why the rearrangement of the unbridged dirner to the imido-bridged isomer 
has never been observed, i.e. the imido-bridged dimer undergoes CH-activation to give an 
unstable hydride complex under the preparative conditions employed (Chapter 2). In the absence 
of any proof, Scheme 3.2 remains a speculation at this point and is certainly an important subject 
of fbture investigations. 
Scheme 3.2. Possible series of reactions involved in the formation of 
(0CMe2CF3)?(Et) W(k-NAr')(p-N-2-CHz-6-MeC6H3) W(0CMe2CF3):. 
SUMMARY AND CONCLUSIONS 
The results presented here exemplify the lability of W(IV)/W(IV) double bonds to 
associative chemistry. Reactions of [W(NAr1)(OCMezCF3)& with oxidizing agents and 
nucleophiles resulted in the addition of ligands to one or both metal centers. Ligand addition is 
typically accompanied by conversion of the W=W double bond into a W-W single bond, and 
bridging of imido and/or alkoxide ligands. In some cases (e.g. reaction with I?), further addition 
of ligands resulted in the cleavage of M-M bond to give monometallic species. Structural 
characterization of the various products obtained revealed the general tendency of the dimer to 
undergo transfer of imido and/or alkoxide groups from one metal to the other upon ligand 
binding. It is therefore understandable that the controlled cleavage of the metal-metal bond to 
give two equivalents of W(NAr1)(OR)2(L), is yet to be observed. 
The most remarkable observation recognized from the foregoing discussion is that 
unsupported M=M double bonds will slowly catalyze olefin metathesis reactions. It appears that 
norbornene is one of the olefins most susceptible to being converted into an alkylidene, an 
observation which was similarly reported by Wolczanski for the (t-B~~SiO)~M(olefin) (M = Ta, 
Nb) systems.44 Addition of ethylene to [W(NAr')(OCMezCF;)2J2 yielded a mono-ethylene 
adduct, which upon heating is transformed into an ethyl complex as a consequence of the CH 
activation of one of the ortho methyl groups of the NArl ligand. This is analogous to the 
rearrangement of (t-B~~SiO)~Ta(olefin) to tantalum "tuck-in" alkyl complex, which is the 
proposed intermediate of the ole fin-to-alkylidene transformati~n.~ it seems plausible then that 
the metathecally active alkylidene is derived from a-hydrogen abstraction from the alkyl ligand. 
However, since the ethyl complex was found to polymerize norbomene much more slowly than 
the ethylene complex, it appears that other mechanism($ of alkylidene formation is(are) more 
accessible under the given conditions. 
Finally, it is clear from the results presented here that dimeric species that contain 
unbridged W(IV)/W(IV) double bonds exhibit a broad range of reactivity that requires 
considerable further exploration of scope and mechanism. Research in this direction is currently 
underway. 
EXPERIMENTAL 
General. All air-sensitive work was carried out in a Vacuum Atmospheres dry box under a 
dinitrogen atmosphere or by standard Schlenk techniques. Commercially available chemicals 
were obtained from Strem Chemicals, Inc., or Aldrich Co. Solid reagents were used as received 
unless otherwise stated. Liquid reagents were distilled from CaHz under dinitrogen. Pentane, 
toluene and benzene were sparged with dinitrogen and passed through columns of activated 
alumina. All deuterated solvents were freeze-pump-thaw degassed. All solvents and liquid 
reagents were stored over 4 A molecular sieves. 'H NMR spectra were obtained on an instrument 
operating at 500 MHz unless otherwise stated. 'c NMR spectra were obtained on an instrument 
operating at 125 MHz, while I9F NMR spectra were obtained on a 282 MHz instrument. All 
spectra were recorded at room temperature. 'H and ''c NMR data are listed in parts per million 
downfield from tetramethylsilane and were referenced using the residual protonated solvent 
resonance. "F NMR shifts are reported relative to C6HsF, while 3 1 ~  NMR shifts are reported 
relative to PPh3 used as external reference. Elemental analyses were performed by Kolbe 
Microanalytical Laboratories (Miihlheim an der Ruhr, Germany). [W(N-2,6- 
Me2ChH3)(OCMe2CF3)1]2 was prepared as described in Chapter 2. 
Reaction between [W(N-2,6-iMe2C6H3)(OCMe2cF3)2j2 and Iodine. To a -30 "C suspension of 
[W(N-2,6-MezChH3)(OCMe2CFj)2]2 (100 mg, 0.0897 mmol) in 3 rnL pentane was added a cold 
solution of iodine (45.7 mg, 0.180 mmol) in 3 mL pentane. The reaction was stirred for 6h at 
room temperature during which time the color slowly changed from dark yellow brown to red to 
green. The reaction mixture was then filtered through Celite and the filtrate was stripped to a 
solid that was determined by NMR to be a mixture of at least two products. Addition of 3 mL 
pentane to the residue gave a mixture of green solution over brick red insoluble solids. The brick 
red solids were collected on a frit, washed with 3 mL pentane and redissolved in 1 mL toluene. 
Crystals of W(N-2,6-MezC6H3)(OCMe2CF3)3(I) suitable for X-ray diffraction studies were 
obtained at -30 OC. Single crystals of W(OCMe2CF3)3(1)3r on the other hand, were obtained 
from the green filtrate kept at -30 "C. Full characterization of W(N-2,6- 
MeaC6H3)(OCMe2CF3)3(I) and W(OCMe2CF3)3(I)3, and the identification of the other products 
of the reaction were no longer pursued. 
[W(OCMe2CF3)2(Cl)]2(p-N-2,6-Me2C6H3)2. A rapidly stirred solution of 150 mg [W(N-2,6- 
Me2ChH3)(OCMe2CF3)2]2 (0.135 mmol) in 3 mL benzene was treated with 16 pL of carbon 
tetrachloride (0.16 mmol). The color immediately changed from dark yellow-brown to dark red- 
brown. The reaction was stirred at room temperature for 2h, after which all volatiles were 
removed in vacuo. Recrystallization in toluene afforded analytically pure product. Yield: 148 
mg, 93%. 'H NMR (CD6) 6 7.01 (d, 2),  6.81 (t, I), 1.88 (s, 6), 1.45 (s, 6), 1.23 (s, 6); ' 9 ~  NMR 
(CaD6) 6 -81.46 (s). Anal. Calcd for C32HJZF1ZN20JClZW2: C, 32.43; H, 3.57; N, 2.36. Found: C, 
32.08; H, 3.44; N, 2.17. 
Single crystals suitable for X-ray diffraction studies were grown from toluene solution at - 
30 "C. 
[W(N-2,6-Me2C6H3)(OCMezCF3)2]t(PlMe3). PMe3 (95 pL, 0.90 mmol, 10 equiv) was added 
via syringe to a rapidly stirred dark brown suspension of [W(N-2,6-Me2C6H3)(OCMe2CFj)2]2 
(100 mg, 0.0897 mmol) in 5 rnL pentane. The reaction mixture immediately turned dark green. 
After 1.5 hours, all volatiles were removed in vaczio to give 104 mg of product as a dark green 
1 powder in quantitative yield: H NMR (C6D6) 6 7.1 1 (d, I), 7.06 (s, 3), 6.96 (d, I), 6.85 (t, I), 
3.31 (s, 3),2.52 (s, 6),2.13 (s, 3), 1.65 (s, 3), 1.59(s, 3), 1.47 (s,3), 1.32 (s, 3), 1.29 (s, 3): 1.27 
(s, 3), 1.22 (s, 3), 1.15 (s, 3), 1.04 (d, 9, * J H ~  = 9 HZ); 1 9 ~  NMR (C6Db) 6 -80.38 (s, I), -80.65 (s, 
I), -80.88 (s, l ) ,  -81.87 (s, 1); "P NMR (C6Ds) 6 -1 (s, JHW = 271 Hz). Anal. Calcd for 
C35H51FL2N204PW2: C, 35.31; H, 4.32; N, 2.35. Found: C ,  35.39; H, 4.42; N, 2.28. 
Reaction between [W(N-2,6-l\/le2C6H3)(OCMe2CF3)212 and Acetonitrile. Acetonitrile (46.8 
a, 0.897 mmol) was added via syringe to a solution of [W(N-2,6-Me2CaH3)(OCMe$F3)& 
(250 mg, 0.224 rnmol) in 5 mL benzene. The reaction was allowed to stir for l h  at room 
temperature. The solvent was then removed in vacuo to afford a brown residue. 
Recrystallization in pentane gave red-brown microcrystals in 47% yield ( 1  27 mg). The "F NMR 
showed there to be a mixture of two products, the major one comprising 90% of the mixture. 
Major Product, 'W(N-2,6-Me2C6H3)(OCMe2CF3)2(CH3CN)n: 'H NMR (CnDa) 6 6.99 (d, 2), 
6.77 (t, I), 2.42 (s, 6), 1.85 (s, 3), 1.48 (s, 6), 1.45 (s, 6); "F NMR (C6Db) 6 -82.39 (s). Minor 
Product, (OCMe2C F3)2W(p-N-2,6-Me2C6H3) [p-N(Me)C=C(Me)N ] W (OCMe2CFJ)3: ' 9~ 
NMR (CnDn) 6 -80.73 (s, I), -80.99 (s, 1 )  -81.19 s ,  I), -81.42 (s, 1). Anal. Calcd for 
C32H42F12N204C17W2: C, 32.43; H, 3.57; N, 2.36. Anal. Calcd for C36H48F12N404W2: C, 36.14; 
H, 4.04; N, 4.68. Found: C, 35.88; H, 3.92; N, 4.60. 
Single crystals suitable for X-ray diffraction studies were grown from pentane solution at 
-30 "C. That of (OCMe2CF3)2W(p-N-2,6-Me2C6H3)[p-N(Me)C=C(Me)N]W(OCMeCF)2 was 
unintentionally selected for crystallographic studies. 
(W(N-~,~-M~~C~H~)[OCM~~(CF~)]~]~(~-~\~,~\~-M~CCM~). To a rapidly stirred suspension of 
[W(N-2,6-Me2C6H;)(OCMe2CF3)2]2 (500 mg, 0.449 mmol) in 5 mL pentane was added 70 pL 
(0.90 mmol) of 2-butyne. The initially dark brown mixture turned red-orange within 2 min. The 
reaction mixture was then left to stir at room temperature. After 2 hours, it was filtered through 
Celite and the filtrate was concentrated to dryness to give a red-orange residue. Recrystallization 
from pentane gave 428 mg of analytically pure sample in 82 % yield: 'H NMR (toluene-d8) 6 
6.99 (d, I), 6.97 (d, I), 6.82 (m, 3), 6.67 (t, l),  3.20 (s, 6), 2.99 (s, 3), 2.96 (s, 3), 2.26 (br s, 6), 
1.77 (br s, 6), 1.3 1 (s, 3), 1.17 (s, 3), 0.99 (s, 3), 0.86 (br s, 6), 0.63 (s, 3); "C NMR (toluene-d~) 
6 223.19 (Jew = 114 and 12 Hz), 197.18 (Jew = 134 and 12 Hz), 158.38, 154.07, 134.59, 132.99, 
131.77, 130.46, 128.25, 126.40, 126.15, 83.46 (q, JU = 29 HZ), 82.36 (q, JCF = 29 HZ), 25.45, 
25.3 1, 25.25,25.00,24.46, 24.05,23.43,23.20, 22.97, 19.50; ' 9 ~  NMR (C6D6) 6 -80.68 (br s, 2), 
-81.72 (s, I), -82.71 (s, 1). Anal. Calcd for C36H18FL2N701WZ: C, 37.01; H, 4.14; N, 2.40. 
Found: C, 36.82; H, 4.08; N, 2.38. 
W(R-2,6-IMezC6H3)2(OCMe2C&)2. A solution of [W(N-2,6-Me2C6H3)(OCMe2CF')2l2 ( 150 mg, 
0.135 mmol) in 10 rnL benzene was placed in a 50 mL Teflon-valved glass bomb and freeze- 
pump-thaw degassed thrice on a high vacuum line. One atmosphere of carbon monoxide was 
then admitted to the reactor and the valve was closed. The reaction mixture was stirred at room 
temperature and the initially dark yellow-brown solution slowly turned dark red-brown over a 
period of one week. Removal of volatiles in vanro afforded a brown residue that was determined 
to be a mixture of at least two products. Recrystallization in pentane gave 73 mg of W(N-2,6- 
Me2C6H3)2(0CMe2CF3)2 which is -80% pure by NMR: 'H NMR (C6D6) 6 6.94 (d, 4), 6.73 (t, 2), 
2.36 (s, 12), 1.30 (s, 12); ' 9 ~  NMR (C6D6) 6 -83.15 (s). 
Yellow crystals of W(N-2,6-Me2C6H;)2(OCMe2CF3)2 were consistently obtained in 
combination with flat red crystals of yet unidentified product from pentane solution at -30 "C. 
Crystals of W(N-2,6-Me2C6H3)2(OCMe2CF3)2 were suitable for X-ray diffraction studies. 
[W(N-2,CMe2C6H3)(OCMe2CF3)2]2(p-C2H4). To a 1.00-mL Schlenk bomb charged with stir 
bar was added 400 mg [W(N-2,6-Me2C6H3)(OCMe7CF3)2]2 (0.359 mrnol) and 20 mL pentane. 
The reaction mixture was freeze-pump-thaw degassed three times before being exposed to an 
atmosphere of ethylene (-10 equiv). The color changed from green to yellow orange as the 
reaction mixture warmed to room temperature. The reaction was left to stir at room temperature 
for 4h. The volatiles were then removed in vacuo to give 383 mg of yellow powder (93% yield). 
'H NMR (toluene-d8) 6 6.71 (m, 5), 6.56 (t, I), 4.31 (m, 1, JCH = 158 Hz), 3.1 1 (m, 1, JCH = 150 
Hz), 2.31 (s, 6), 2.27 (s, 61, 1.87 (s, 3), 1.84 (m, 1, JcIl = 150 Hz), 1.82 (s, 3), 1.64 (s, 3), 1.62 (m, 
1, JCH = 153 Hz), 1.43 (s, 3), 1.35 (s, 3), 1.25 (s, 3), 1.1 8 (s, 3); "C NMR (toluene-&) 6 154.09, 
153.67, 136.62, 135.40, 127.86, 127.20, 126.94, 123.31, 84.51 (q, J C ~  = 29 HZ), 82.14 (q, J c ~  = 
29 HZ), 8 1.97 (q, JcF = 29 HZ), 80.51 (q, JcF = 29 HZ), 66.18 (;lcw = 60 HZ, Jcc = 26 HZ), 33.97 
(Jew = 22 Hz, Jcc = 26 Hz), 27.18, 25.43, 25.10, 24.95, 24.48, 24.47, 23.45, 23.28, 19.18; ' 9 ~  
NMR (C6D6) 6 -80.07 (s, I), -80.90 (s, I), -80.94 (s, I), -8 1.44 (s, 1). 
Single crystals suitable for X-ray diffraction studies were grown from pentane solution at 
-30" C. 
Observation of [w(N-~,~-M~~c~H~)(o-~-Bu)~~~(~-~~c~H~). [W(N-2,6-MeZC6H3)(0-t-Bu)& 
was prepared in silu by combining 20 mg (0.01 7 mmol) [W(N-2,6-Me2C6H3)(OCMe2CFj)2]2, 
5.9 mg (0.74 mmol) LiO-t-Bu and 0.8 mL toluene-& in a J - ~ o u n d "  tube. The sample was then 
freeze-pump-thaw degassed thrice on the high vacuum line. After which, 13c-labelled ethylene 
(0.16 mmol) was admitted into the tube. The sample was allowed to warm slowly to room 
temperature and was periodically shaken over 30 min, after which time NMR showed 
quantitative formation of the ethylene adduct. Bound 13c2k14 was observed at 57.7 1 and 3 1.46 
ppm (Jcc = 26 Hz) in the 13c NMR spectrum. 'H NMR (toluene-&) 6 6.8 1 (d, 2), 6.77 (d, 2), 
6.67 (t, I ) ,  6.63 (t, I), 3.99 (dm, JCH = 155 Hz), 2.64 (dm, Jcfr = 150 Hz), 2.43 (s, 6 j, 2.4 1 (s, 6), 
1.79(dm, JCH = 150 HZ), 1.68 (s, 9), 1.5 1 (s, 9), 1.39 (s, 9), 1.29 (s, 9) and a doublet of multiplet 
at 6 = 1.3 - 1.5 ppm (lH). 
(OCMe2CF3)2(Et)W(p-N-2,6-Me2C6H3)(p-N-2-CH2-6-MeC6H3)W(OCMe2CF3)2. The 
ethylene adduct, [W(N-2,6-Me2C6H3)(OCMe2CF j)2]2(p-C2H4) was prepared in situ by exposing 
a freeze-pump-thaw degassed solution of (W(N-2,6-Me2C6H3)[OCMe2(CF3)]2]2 (500 mg, 0.449 
mmol) in 20 rnL benzene to an atmosphere of ethylene (7 equiv). The yellow orange reaction 
mixture was heated at 90 "C for 6 days. All volatiles were removed in vacuo to give a red- 
orange residue which was then triturated in 5 mL cold pentane. The solids were collected on a 
frit, washed with more pentane, and dried to give 170 mg of brick-red powder. An additional 
134 mg of product was recovered from the filtrate to give a combined yield of 304 g (60 % 
yield): 'H NMR (toluene-&) 6 7.06 (d, l), 7.01 (t, I), 6.95 (rn, 3), 6.87 (d, I), 4.45 (d, 1, JHH = 
18 Hz), 2.82 (s, 3), 1.88 (s, 3), 1.72 (s, 3), 1.64 (m, l), 1.51 (s, 3), 1.50 (t, 3), 1.46 (d, 1, JFIH = 18 
Hz), 1.38 (m, I), 1.34 (s, 3), 1.25 (s, 3), 1.23 (s, 3), 1.13 (s, 3), 1.11 (s, 3), 1.02 (s, 31, 0.99 (s, 3); 
13c NMR (toluene-dx) 6 169.89, 163.86, 149.27, 132.16, 130.65, 129.91, 129.24, 128.77, 128.63, 
128.11, 127.94, 127.30, 86.43 (q, JCF = 31 HZ), 83.84 (q, JCF = 29 HZ), 83.1 1 (q, JCF = 28 HZ), 
80.35 (q, JCp = 28 HZ), 67.57 (Jew = 97 HZ), 57.44 (Jew = 100 Hz), 25.09, 24.55, 24.53, 23.76, 
23.29, 22.98, 22.49, 22.27, 20.63, 19.12, 18.33, 18.32, 13.72; ' 9 ~  NMR (C6D6) 6 -79.22 (s, l), 
-80.90 (s, I), -82.03 (s, I), -82.50 (s, 1). Anal. Calcd for C3~&6FL2N204WZ: C, 35.75; H, 4.06; 
N, 2.45. Found: C, 35.56; H, 3.97; N, 2.36. 
Single crystals suitable for X-ray diffraction studies were grown from toluene solution at 
-30 "C. 
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APPENDIX A.3.1 
Variable Temperature 'H and "F NMR Spectra of [W(NAr')(OCMe2CF3)2]2(p.-MeCCMe) 
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Figure A.3.la. 'H NMR spectrum of [W(NAI?)(OCM~~CF~)~]~(~-M~CCM~) 
obtained at -60 OC (toluene-d8, 500 MHz). 
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Figure A.3.lb. 'H NMR spectrum of [W(NAr')(OCMe2CF;)Z]2(p-MeCCMe) 
obtained at -50 OC (toluene-d8, 500 MHz). 
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Figure A.3.1~. ' H  NMR spectrum of [W(NAr')(OCMe2CF2)2]1(~~-MeCCMe) 
obtained at -40 "C (toluene-cis, 500 MHz). 
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Figure A.3.ld. ' H  NMR spectrum of [W(NAr')(OCMe2CF3)2]z(~i-MeCCMe) 
obtained at -30 OC (toluene-ds, 500 MHz). 
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Figure A.3.le. 'H NMR spectrum of [W(NAr')(OCMe2CF;)~]z(p-MeCCMe) 
obtained at -20 O C  (toluene-d8, 500 MHz). 
CB 
1 1 1 l l l ~ l l 1 l ~ l l l l l l 1 , 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1  
7 6 5 4 3 2 1 PPm 
* residual pentane 
Figure A.3.lf. 'H NMR spectrum of [W(NArf)(OCMe2CF3)2]z(p-MeCCMe) 
obtained at -10 O C  (toluene-dx, 500 MHz). 
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Figure A.3.lg. 'H NMR spectn~m of [W(NA~')(OCMZ~CF~)~]~(~-M~CCM~) 
obtained at 0 "C (toluene-cix. 500 MHz). 
Figure A.3.1 h. ' H NMR spectrum of [W(NArt)(OCMe:CF;)~]~(~i-MeCCMe) 
obtained at 10 O C  (toluene-c&, 500 MHz). 
Figure A.3.li. 'H NMR spectrum of [W(NAr')(OCMe2CF3)2]2(p-MeCCMe) 
obtained at 20 "C (toluene-&, 500 MHz). 
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Figure A.3.1 j. 'H NMR spectrum of [W(NAr')(OCMe2CF3)2]z(p-MeCCMe) 
obtained at 30 "C (toluene-d8, 500 MHz). 
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Figure A.3.lk. 'H NMR spectrum of [W(NAI-')(OCM~~CF~)~]~(~-M~CCM~) 
obtained at 40 "C (toluene-d8, 500 MHz). 
Figure A.3.11. 'H NMR spectrum of [W(NAr')(OCMe2CF3)2]2(p-MeCCMe) 
obtained at 50 "C (toluene-d8, 500 MHz). 
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Figure A.3.lm. ' H NMR spectnim of [W(NArf)(OCMe2C F3)2]2(y-MeCCMe) 
obtained at 60 "C (toluene-dS, 500 MHz). 
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Figure A.3.ln. 'H NMR spectrum of [W(NArt)(OCMe2CF;)~]2(p-MeCCMe) 
obtained at 70 "C (toluene-ds, 500 MHz). 
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Figure A.3.10. 'H  NMR spectrum of [W(NArf)(OCMe2CF3)2]2(~~-MeCCMe) 
obtained at 80 O C  (toluene-r&, 500 MHz). 
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CHAPTER 4 
Organotantalum Complexes of the Diamidoamine Ligand [ ( ~ , ~ , ~ - F ~ c ~ H ~ N c H ~ c H ~ ) ~ N M ~ ] ~ -  
and the Triamidoamine Ligand [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N  13- 
INTRODUCTION 
In recent years, there has been increasing interest in the exploration of amido ligands of 
various denticity as ancillary ligands for the stabilization of early transition metal complexes.'2 
Our group's efforts in this field have focused primarily on the triamidoamine ( T R E N ) ~ - ~  and 
diamidoamine9-l4 ligands illustrated in Figure 4.1. Variation of the amido substituent R enabled 
the synthesis of a number of ligands with different combinations of steric and electronic 
properties. 
R = Me3Si, Et3Si, Aryl R = C6Fj, 3,4,5-F3ChH2, R = mesityl 
3,5-C12C6H3, 3-(CF3)C6HI 2,4,6-iPrC6H2 
Figure 4.1 Multidentate amido ligands investigated in our group. 
In our laboratories, diamidoamine ligands have been extensively utilized as supporting 
ligands for Group 4 polymerization as well as for the stabilization of reactive 
molybdenum and tungsten species. 10,11,13 For instance, the fluorinated ary lamido ligand [(3,4,5 - 
F ~ c ~ H ~ N c H ~ c H ~ ) ~ N M ~ ] ~ -  ([F~N~NM~]'-) has been successfully employed in probing the 
organometallic chemistry of Group 6 transition metals." Based on the stability of the Mo and W 
complexes prepared, we became interested in extending the chemistry of this ligand to Group 5 
transition metal complexes. [F3N2N~el2-- is related to [(F~c~NcH~cH~)~NH]'- which has been 
employed to prepare Ta(V) complexes,15 however [ F ~ N ~ N M ~ ] "  does not contain the orthho- 
fluorine substituents that were found to interact with the metal. In addition, the donor nitrogen is 
methylated to avoid complications resulting from the deprotonation of the central nitrogen that 
was encountered with the [(F~C~NCH:CH~)?NH]'- ligand. 
In the first part of this chapter, the direct synthesis of Ta(V) and Nb(V) trichloride 
complexes of [F,N?NM~]'-, and their organometallic derivatives is discussed. 
While the work on diamidoamine chemistry of tantalum was in progress, Wolczanski and 
coworkers reported the rearrangement of (t-B~~SiO)~Nb(olefin) to the tautomeric alkylidene.16 In 
view of the fact that the first reported example of an olefin-to-alkylidene rearrangement was the 
conversion of [ ( M ~ ~ S ~ N C H ~ C H ~ ) ~ N ] T ~ ( ~ \ ' - C ~ H ~ )  to the ethylidene complex in the presence of 
catalytic amount of P ~ P H ~ , ~ . "  organometallic chemistry of tantalum complexes supported by 
triamidoamine (TREN) ligands was revisited in order to determine if the aforementioned 
transformation is a general feature of "(TREN)Ta7' chemistry. Therefore, attention was turned to 
the synthesis of tantalum complexes of the [ ( ~ , ~ - C ~ ~ C ~ H ~ N C H ~ C H ~ ) ; N ] "  ligand. An aryl amido 
substituent (3,5-ClzC6H2) was chosen over trialkylsilyl substituents to avoid complications that 
could arise from the cleavage of inherently labile N-Si bonds,1x719 while retaining the steric 
bulk necessary to protect the apical pocket of the metal center and prevent rapid decomposition. 
The second half of this chapter describes the synthesis of organotantalum complexes that 
contain the [ ( ~ , ~ - c I ~ c ~ H ~ N c H ~ c H ~ ) ; N ] - ~  ligand, and the comparison of the reactivity of these 
compounds to the previously reported [(R3SiNCH2CH2)3N]Ta-based complexes. 
RESULTS AND DISCUSSION 
4.1 Group 5 Complexes that Contain the Diamidoamine Ligand, 
[ ( ~ , ~ , ~ - F ~ C ~ H ~ N C H ~ C H ~ ) N M ~ ] * -  
4.1.1 Synthesis of [F3N2NMeJMC13 (&I= Ta, Nb) 
The reaction of the triarnine H2[F3N2NMe]lL and TaClj in the presence of triethylamine 
in dichloromethane at room temperature gave [F3N2NMe]TaC13 as bright orange microcrystals 
(Reaction 4.1). The product has been characterized by "F and 'H NMR spectroscopy, and the 
composition was confirmed by elemental analysis (C, H, N, Cl). The presence of only two 
resonances (-129 ppm and -1 57 ppm) in the NMR spectrum (282 MHz, C6Ds), and the sharp 
multiplet in the aromatic region of the 'H NMR spectrum are consistent with equivalent, rapidly 
rotating trifluorophenyl rings. On the basis of X-ray structures of two derivatives (vide infi.a), 
and the structure of [(3,5-C6ClrH3NCH2CH2)zNMe]TaMe3, we assume that the ligand adopts 
(approximately) the mer configuration in [F3N2NMe]TaCl;. The analogous niobium species, 
[F3N2NMe]NbC13, could be synthesized similarly and isolated as brick red microcrystals. 
Reaction 4.1. Synthesis of [F3N2NMe]TaC13. 
4.1.2 Synthesis of [F3NMe]MMe3 (M = Ta, Nb) and [(F3NMe)TaMe2j[MeB(C6F5)31 
Reaction of [F3N2NMe]TaC13 with 3.3 equivalents of methylmagnesium chloride 
afforded the trimethyl species, [F3N2NMe]TaMe; (Scheme 4.1, Route A). An alternate route 
consists of the direct reaction between K2[F3NtNMe] and ~ a ~ l ~ ~ e 3 , "  as shown in Scheme 4.1, 
Route B. The room temperature 'H NMR spectrum of [F3N2NMe]TaMe3 reveals that the methyl 
ligands are magnetically equivalent on the 'H NMR timescale, appearing as a singlet at 0.93 ppm 
(500 MHz, toluene-d8). The methyl ligand equilibration, however, is slow at lower temperatures. 
At -80 O C ,  the methyl ligands are all distinguishable as singlet resonances at 1.45, 0.97 and 
0.61 ppm. As temperature is increased, two of which coalesce, and at -50 O C  only two resonances 
Route A 
Scheme 4.1. Synthesis of [F3NzNMe)TaMe,. 
are observed at 1.15 and 0.59 ppm with relative integration of 2: 1. Hence, we propose that at low 
temperatures, the static structure of [F3N2NMe]TaMe3 assumes the mer configuration. This in 
agreement with the proposed structures for the analogous compounds 
[ ( F ~ C ~ N C H ~ C H ~ ) ~ N M ~ ] T ~ M ~ ~ "  and [( ,~-c~~c~H~NcH~cH~)?NM~]T~M~~.~~ Details of the 
equilibration process are not known, although equilibration may involve dissociation of the 
amine donor to give a fluxional five-coordinate intermediate. [F;NzNMe]TaMe3 is relatively 
stable at room temperature, unlike [(F5C6NCH2CH2)2NH]TaMe3, which evolves methane even in 
the solid state to give the triamido complex, [(F5C6NCH2CH2)?N]TaMez. 15 
The synthesis of the analogous niobium compound, [F3NzNMe]NbMe3, was 
accomplished from the reaction of [F;N2NMe]NbC13 with three equivalents of methylmagnesium 
chloride. Likewise, the niobium derivative was found to be fluxional at room temperature with 
the three methyl ligands equivalent and observed as broad singlet at 1.36 ppm in the 'H NMR 
spectrum (500 MHz, toluene-dn). Variable-temperature 'H NMR behavior akin to that of 
[F3N2NMe]TaMe; was also observed. 
Abstraction of a methyl ligand from [F3N2NMe]TaMe3 with B(C6F5); afforded the 
cationic Ta(V) species [(F;NzNMe)TaMe2][MeB(C6Fj);] (Reaction 4.2) as a yellow powder in 
quantitative yield. The 'H and 1 9 ~  NMR spectra are consistent with a proposed C, - symmetric 
trigonal bipyramidal structure. The trifluorophenyl rings appear to be equivalent and rapidly 
Reaction 4.2. Preparation of the cationic complex [(F3N2NMe)TaMe2] [MeB(C6F5);]. 
rotating. The methyl ligands, on the other hand, are observed as distinguishable singlets at 1.35 
and 1.15 ppm by 'H NMR (300 MHz, CD2C12). The molecule is stereochemically rigid on the 
time scale of NMR at room temperature presumably because of the stronger donor nitrogen- 
tantalum interaction for this cationic species. The observed large high field shift for the meta- 
and para- fluorine substituents of the anion, as well as the small A6 (6, - 6,) of 2.69 ppm in the 
1 9 ~  NMR spectrum are indicative of solvent-separated, non-coordinating [M~B(c~F~):;]-'  in 
so l~ t ion .~ ' .~~  A similar cationic complex, ([(F5C6NCH2CH2)zNH]TaMe2) [MeB(C6F5)3] has been 
synthesized and structurally characterized. l5  Cationic dimethyl complexes of this type are 
interesting since cationic Ta(V) complexes24 which do not contain cyclopentadienyl derived 
ligands are relatively rare. 
4.1.3. Synthesis and Characterization of Tantalum AlkyUAlkylidene Complexes 
Various alkyl/alkylidene complexes were synthesized from [F3NzNMe]TaC13. The 
reaction between [F3N2NMe]TaC13 and trimethylsilylmethylmagnesium chloride afforded 
[F3N2NMe]Ta(CHSiMe3)(C H$iMe3) as a yellow powder (Reaction 4.3). The reaction is 
r 
2.45 'C in toluene 
3 hrs 
Reaction 4.3. Synthesis of [F;N2NMe]Ta(CHSiMe3)(CH$iMe3). 
proposed to proceed via a-hydrogen abstraction in a putative [F;NzNMe]Ta(CHzSiMe3); 
complex. NMR spectroscopic analyses of this compound are consistent with the presence of an 
alkylidene moiety, with the alkylidene carbon observed at 243 ppm = 97 HZ) and the 
corresponding proton located at 5.82 ppm (in C6D6). The high-field 'H chemical shift combined 
with a low l ~ C H  value suggests agostic interaction between the tantalum (V) metal center and the 
C,-Ha bond.'"" 
An X-ray diffraction study of [F3NzNMe]Ta(CHSiMe3)(CH2SiMe3) revealed the 
structure shown in Figure 4.2. The coordination geometry is best described as distorted square 
pyramid in which the alkyl group (C(5)) occupies the axial position, and the [ F ~ N ~ N M ~ ] "  ligand 
is shown to coordinate to the metal in a meridional fashion. The arnido nitrogen atoms are 
essentially planar, consistent with n-donation to the metal. The alkylidene substituent (Si(1)) lies 
approximately in the C(l)ITa/C(S)/N(3) plane and is directed away from the trimethylsilylmethyl 
ligand presumably for steric reasons. The difference between the Ta-C(1) (1.906(13) A) and Ta- 
C(5) (2.124(12) A) bonds is typical of that between an alkyl and an alkylidene."326 The relatively 
shoa Ta( 1 )-C( 1 ) (Ta=C,) bond distance ( 1.906( 13) A) and large Si( 1 )-C(l )-Ta( I )  (Si-C,=Ta) 
bond angle (144.8(8)") confirms the existence of significant agostic intera~tion'~ between Ta and 
C-Ha. These metrical parameters are characteristic of alkylidene complexes of high 
,, - * .  e 
Figure 4.2. Solid-state structure of [F3N2NMe]Ta(CHSiMe3)(CH2SiMe3). 
Table 4.1. Selected intramolecular distances (A) and bond angles (degrees) 
oxidation state early transition metals, and should be compared with those of previously 
crystallographically characterized tantalum trimethylsilylmethyl trimethylsilylmethylidene 
complexes.27728 Given the arrangement of the ligands around the metal center and taking the 
Cartesian axes as shown, the three nd orbitals that could be involved in n-bonding framework of 
the complex are illustrated in Figure 4.3. The Ta = C n-bond involves the d,, orbital, while 
overlap with the imido nitrogen out of phase p-orbitals involves the d,. Given the orientation of 
the dyz orbital relative to the alkylidene carbon, the a-H agostic interaction most likely involves 
the metal dyz orbital. 
Figure 4.3. Qualitative analysis of the n-bonding framework of 
[FjN2NMe]Ta(CHSiMe3)(CH2SiMe3). 
Initial attempts to synthesize the analogous neopentylheopentylidene complex gave 
instead the monoalkyl complex [F3N2NMe]Ta(CH2-t-Bu)C12 as a yellow powder (Reaction 4.4). 
Subsequent alkylation did not take place in the presence of 3.3 equivalents of the alkylating 
agent at room temperature after 3 hours. Steric congestion at the metal center due to the bulky 
neopentyl ligand was believed to account for the difficulty in achieving further substitution under 
the conditions employed. The formulation of [F3N2NMe]Ta(CHz-t-Bu)C12 was determined by 
spectroscopic characterization and confirmed by the results of combustion analysis (C, H, N, Cl). 
3.3 t-BuCH2MgCl 
* 
3 hrs 
-30 O C  to 22 O C  
Reaction 4.4. Synthesis of [F3N2NMe]Ta(CH2-t-Bu)Clz. 
Further alkylation of [F3NzNMe]Ta(CH2-t-Bu)C12 with 2.2 equivalents methylmagnesium 
1 
chloride afforded a species whose H NMR spectrum was indicative of the 
methyllneopentylidene complex [F3N2NMe]Ta(CH-t-Bu)(CH3) (Reaction 4.5). In addition to the 
2.2 MeMgCl 
w Me-N-Ta 
1 hr 
N -30 OC to 22 OC C ~ " - ' - " U  
\ C ~ F ~ H I  
Reaction 4.5. Synthesis of [F;N2NMe]Ta(CH-t-Bu)(CH3). 
diamidoamine peaks, three singlets were observed at 2.40, 0.72 and 0.49 ppm in a ratio of 1 :9:3, 
corresponding to Ta = CH, C(CH&, and Ta(CH3), respectively. The presence of the alkylidene 
was confirmed by a doublet at 242 ppm ('JCH = 90 HZ) in the 'H-coupled I3c NMR spectrum. 
Note that although the reaction between [F3N2NMe]Ta(CH2-t-Bu)C12 and methylmagnesium 
chloride could alternatively yield [F3N2NMe]Ta(CH2)(CH3) via a-hydrogen abstraction from a 
methyl group by the neopentyl ligand, none of the methylidene complex was detected by NMR. 
It seems likely that the steric bulk of the CHz-t-Bu ligand forces the Ta-C,-Cp angle to increase, 
activating the methylene protons of CH2-t-Bu towards a-abstraction to give [F3N2NMe]Ta(CH-t- 
Bu)(CH3). 
The target neopentyl/neopentylidene complex [F3N2NMe]Ta(CH-t-Bu)(CH2-t-Bu) was 
successfully synthesized in a low yielding reaction (22%) when the reaction time was extended 
from 3 hours to 6 hours (Reaction 4.6). The neopentylidene proton was observed by 'H NMR 
(300 MHz, C6D6) upfield at 0.39 ppm, and the carbon atom was observed as a doublet at 228 
ppm (JCH = 74 Hz) in the 'H-coupled "C NMR spectrum. 
3.3 equiv t-BuCH2MgC1 
Reaction 4.6. Synthesis of [F3N2NMe]Ta(CH-t-Bu)(CH2-t-Bu). 
The distinguishing alkylidene proton and carbon resonances of the three alkyllalkylidene 
complexes are summarized in Table 4.2. The Ha resonances are found relatively upfield 
(0 - 6 ppm) in 'H NMR spectra, and 13C NMR spectra show an alkylidene carbon resonance in 
the range 220 - 245 ppm. The ' J C H  values for the alkylidene carbon are uniformly low and well 
within the range expected for Ta(V) alkylidene complexes exhibiting a-agostic interactions.29930 
The alkylidene ligands are therefore effectively pseudo-triply-bound to tantalum as o, 2x ligands. 
Note that magnitude of 'J& depends upon the collective steric bulk of the ligands around the 
metal center. Therefore, the a agostic interactions in the alkylidene ligands increase in the order 
A < B < C, as one might expect on the basis of the steric bulk of the ligands involved and the 
tendency of neopentylidene ligands to take part in agostic interactions to a greater degree than 
trimethylsilylmethylene Although structural characterization of 
[F3NzNMe]Ta(CHCMe3)(CH3) and [F3N2NMe]Ta(CHCMe3)(CHae3) was no longer pursued, 
it is believed that large Ta=Ca-Cp angles can similarly be expected in these alkylidene 
complexes. 
Table 4.2. Relevant alkylidene Ha and Ca resonances of tantalum alkyValkylidene complexes 
Complex IH/ 13c2 ' JCH 
[F3N2NMe]Ta(CHSiMe3)(CHfiiMe3) (A  5.82 ppm 243 ppm 97 
[F3N2NMe]Ta(CHCMe3)(CH3) (B) 2.40 ppm 242 ppm 90 
[F3N2NMe]Ta(CHCMe3)(CH2CMe3) (C) 0.39 ppm 228 ppm 74 
" Solvent: C6D6 (300 MHz) toluene-& (125MHz); l J C H  values were determined from 
the alkylidene doublet in 'H-coupled 13c experiments. 
4.1.4 Synthesis and Structure of [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ H ~ ) ( c H ~ c H ~ )  
The reaction of the [F3N2NMe]TaC13 with CH3CH2MgBr was also investigated to explore 
the chemistry of P-H containing alkyl groups. The reaction shown in Reaction 4.7 gave 
[ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ & ) ( c H ~ c H ~ )  as a brown powder. The formation of this compound is 
believed to occur via P-hydride abstraction in the putative intermediate, [F3NMe]Ta(CH2CH3)3. 
There is no evidence for formation of any significant amount of the ethyllethylidene complex, 
[F3NMe]Ta(CHCH3)(CH2CH3), as a consequence of a hydrogen abstraction competing with P 
hydride ab~traction.~.' 
Reaction 4.7. Synthesis of [ F ~ N ~ N M ~ ] T ~ ( ~ ' - C ~ H ~ ) ( C H . C H ~ ) .  
[ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ H ~ ) ( c H ~ )  was identified based on the appearance in the 'H 
NMR spectrum (300 MHz, C6D6) of a quartet at 1.81 ppm (CHFH3), a triplet at 1.69 ppm 
(CH2CH3) and a singlet at 1.53 ppm (CH2CH2) which integrate to 2,3 and 4, respectively. Note 
that the four protons of the ethylene ligand remain equivalent on the time scale of 'H NMR even 
at -80 "C. The ethylene carbons are likewise equivalent on the 13c NMR time scale and give rise 
to a resonance at 56 ppm. The proposed formulation was substantiated by an X-ray diffraction 
study. As shown in Figure 4.4, if the bound ethylene is viewed as occupying a single 
coordination site, the geometry about the tantalum center may be viewed as distorted square 
pyramid with the ethylene ligand in the apical position. The solid-state structure suggests that a 
fluxional process equilibrates the ethylene atoms in solution. At this stage, it is not known if this 
process consists only of rotation of the ethylene about the Ta-ethylene bond axis, or whether the 
core rearranges its geometry, presumably after dissociation of the donor nitrogen (N(3)). 
Pertinent bond lengths and angles of [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ H ~ ) ( c H ~ c H ~ )  are listed in 
Table 4.3. The ethylene moiety has relatively short and essentially equivalent Ta-C bond 
lengths (2.1 72(8) A and 2.1 74(8) A). The observed C(l )--C(2) bond distance of 1.502 A is only 
- .  . . - - -  . . .  
FigureP.4. Solid-state structure of [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ & ) ( c H ~ c H ~ ) .  
Table 4.3. Selected intramolecular distances (A) and bond angles (degrees) 
slightly shorter than typical C 4  single bonds and much longer than typical C=C double 
bonds,31 indicative of extensive backbonding fiom the metal to the ethylene ligand. Hence, it is 
probably more appropriate to consider [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ H ~ ) ( c H ~ c H ~ )  as a 
metallacyclopropane complex. The orientation of the ethylene ligand suggests that the orbital 
that is used for n backbonding is the orbital normal to that utilized in forming the alkylidene K- 
bond in [F;N2NMe]Ta(CHSiMe3)(CH2SiMe3) (Figure 4.2). Evidently, these two possible n 
bonding orbitals are relatively close in energy. Exposure of the compound to 1.5 equivalents of 
13c-labeled ethylene (>5 atm) at room temperature gave no evidence of ethylene exchange, 
supporting the proposal of a stable metallacyclopropane complex. 
4.2. Tantalum (V) Complexes of the [ ( ~ , s - c I ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] ~ -  Ligand 
4.2.1 Synthesis of H3[(3,5-C12C6H3NCH2CH2)3N] and [(3,5-C12C6H3NCHtCH2)3N]TaC12 
Palladium-catalyzed Buchwald-Hartwig C-N coupling  reaction^^"^^ have been utilized 
extensively by our group to prepare triarnid~amine'*-~~ and diamidolamine ligands. 1 0,40.4 1 This 
approach was employed to accomplish the one-step synthesis of Hj[(3,5-Cl2C6H3NCHzCH2);N] 
from (H2NCH2CHZ)2N and three equivalents of 1-bromo-3,5-dichlorobenzene (Reaction 4.8). 
PdzDBA 
BTNAP 
NaO-t-Bu 
Cl Cl toluene 90 oC/ 16hrs 
Reaction 4.8. Synthesis of H3[(3,5-CI~C~H~NCHZCH~);N]. 
A potentially useful precursor compound for a variety of organotantalum complexes of 
the [(~,~-CI~C~H;NCH~CH~)~N]~~ ligand is the dichloride complex 
[(3,5 -C12C6H3NCHZCH2)3N] TaC12. This compound was prepared fiom the reaction between 
H;[(3,5-C12C6H3NCH2CH2)3N] and TaCls in the presence of triethylamine (Reaction 4.9) The 'H 
NMR spectrum of the brick red product obtained is consistent with the presence of 3-fold 
symmetry on the NMR time scale. The composition was confirmed by elemental analysis. 
Reaction 4.9. Synthesis of [(3,5-C12CnH3NCH2CH2)3N]TaC12. 
4.2.2 Synthesis of [(~,S-C~~C~H,NCH~CH~)~N]T~(~\~-C~H~) 
[(3 ,5-C12C6H3NCH2CH2)3N]TaC12 reacts with two equivalents of ethylmagnesium 
chloride to give the ethylene complex, [(~,~-c~~c~H~NcH~cH~)~N]T~(~~-c~H~) (Scheme 4.2, 
Route A). [(~,~-c~~c~H~NcH~cH~)~N]T~(~~-c~H~) was similarly obtained by treating the 
preformed adduct of H3[(3,5-C12C6H3NCH2CH2)3N] and TaCls with five equivalents of 
ethylmagnesium chloride (Scheme 4.2, Route B). In the 'H NMR spectrum, the bound ethylene 
was observed as a singlet at 1.66 ppm (C6D6, 500 MHz). The ethylene carbons are likewise 
equivalent on the I3c NMR time scale and give rise to a resonance at 72.58 ppm ( ' J ~ ~  = 143 Hz). 
All spectroscopic data suggest that [(~,~-C~~C~H~NCH~CH~)~N]T~(T)~-C~H~) is C3-symmetric on 
the time scale of NMR. Although a X-ray crystallographic study of this compound was not 
Routc A 
TaC15 toluene 
Routc B 
Scheme 4.2. Synthesis of [(~,~-c~~c~H~NcH~cH~)~N]T~(~~-c~]H~). 
endeavored, it is believed that [ ( 3 , 5 - ~ 1 2 ~ 6 ~ 3 ~ ~ ~ 2 ~ ~ 2 ) 3 ~ ] ~ a ( q ~ - ~ z ~ 4 )  has a solid-state 
structure analogous to that of [ ( M ~ ~ s ~ N c H ~ c H ~ ) ~ N ] T ~ ( c ~ H ~ ) , ~  one in which the C--C axis of 
ethylene is lined up with one of the imido nitrogen-tantalum bonds. In solution, the ethylene 
ligand is rapidly rotating about the pseudo-C3 axis of the complex on the NMR time scale as a 
consequence of degeneracy of the dxz and d, orbitals. Analogous fluxional behavior was noted 
on closely related ethylene complexes [ ( R ; s ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ - c ~ H ~ )  (R = 
~ t ~ ) .  Comparison of the ethylene 'H and 13c resonances of [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ -  
C2H4) with those reported for [ ( R ~ s ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ - c ~ H ~ )  complexes are summarized in 
Table 4.4. The formation of these [ ( R ' N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ - c ~ H ~ )  (R' = 3,5-C12C6H3, Me3%, 
Et3Si) complexes is believed to proceed via P-abstraction in the presumed diethyl intermediate, 
[(RNCH2CH2)3N]Ta(CH$H3)2. Notably, only in the synthesis of [ ( E ~ ~ s ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ -  
C2H4) (111) was competitive a-abstraction to give the ethylidene complex, 
[(Et3SiNCH2CH2)3N]Ta(CHCH3), observed.' It was proposed that the sterically demanding 
triethylsilyl substituents in [(Et3SiNCH2CHz);N]Ta(CHCH;) forces the Ta-C,-Cp angles in the 
diethyl intermediate to increase, thereby activating the a-H's toward a-abstraction to give the 
alkylidene. In cases where the ligands are [ ( ~ , ~ - C ~ ~ C ~ H ~ N C H ~ C H ~ ) ~ N ] ~ -  or 
[ (M~~s~NcH~cH~)~N]~- , '  only the corresponding ethylene complex was obtained from the 
reaction between two equivalents of ethylmagnesium chloride and [(R'NCH2CH2)3N]TaC12. 
As pointed out in the introduction, the first reported example of the rearrangement of an 
olefin to alkylidene was the reaction of [ ( M ~ ~ s ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ - c ~ H ~ )  with catalytic 
amounts of PhPHz to afford the ethylidene tautomer.' Unfortunately, all attempts to observe the 
analogous transformation in [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) , N ] T ~ ( ~ ~ - c ~ H ~ )  have so far been
Table 4.4. Comparison of ethylene H and C resonances of [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] T ~ ( $ -  
C2H4) with reported [(R~S~NCH~CH~)~N]T~(T~~-C~H~)'~~ complexes. 
Complex [H 13c 'JCH (HZ) 
[ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~ ~ - c ~ & )  (I) 1.66 ppm 72.6 ppm 143 
[ ( M ~ ~ s ~ N c H ~ c H ~ ) ~ N ] T ~ ( ~  2 - ~ 2 ~ 4 ) " ~ 1 )  2.14 ppm 62.6 ppm 144 
unsuccessful. For example, no observable change was noted when 
[(~,~-C~~C~H~NCH~CH~)~N]T~(~*-C~H~) was treated with catalytic amounts of PhPH2 even after 
several days at room temperature. Heating the reaction mixture was not an option since 
[(~,~-c~~c~H~NcH~cH~)~N]T~(~~-c~H~) was found to be unstable in solution at elevated 
temperatures.4' Reactions with lutidinium salts, on the other hand, yielded intractable mixtures 
of products. Evidently, changing the amide nitrogen substituent from trimethylsilyl to 
3,5-dichlorophenyl renders the resulting ethylene complex [ ( ~ , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] T ~ ( $ -  
C2H4) less susceptible to olefin-to-alkylidene rearrangement. 
4.2.3 Synthesis of Tantalum Alkyl and Alkyne Complexes 
Alkylation of [(3,5-C12C6H3NCHzCHz)3N]TaC12 with two equivalents of 
methylmagnesium chloride in toluene affords [(3,5-C12C6H3NCH2CH2)3N]TaMe2 as bright 
yellow crystals (Scheme 4.3, Route A). Similary, [(3,5-C12C6H3NCH2CH2);N]TaMe2 can be 
obtained by direct alkylation of the in situ prepared adduct of TaCls and the free ligand (Scheme 
4.3, Route B). A resonance for the two methyl groups of [(3,5-C12CaH3NCH2CH2)3N]TaMe2 is 
found as a singlet at 1.31 ppm in the 'H NMR spectrum, consistent with an average solution 
structure in which the two methyl ligands are equivalent on the time scale of 'H NMR. 
toluene 
Route A 
+ I 
toluene 
Route B 
Scheme 4.3. Synthesis of [(3,5-C12C6H3NCH2CH2)3N]TaMe2. 
Single crystals suitable for X-ray crystallographic studies were obtained from toluene 
solution at -30 "C. The structure obtained (Figure 4.5) shows it to be a six coordinate species 
with the methyl ligands in the apical coordination sites. The tetradentate triamidoamine ligand is 
bound to the metal to form the expected cage-like structure with the arylirnido substituents 
forming a bowl-like cavity around the apical methyl groups. The Ta-C bonds (-2.22 A) of the 
methyl ligands are essentially the same within experimental error. Figure 4.5 is most closely 
related to the structure of [(M~~s~NcH~cH~)~N]T~(E~)(M~),~ although in the latter the 
alkyl ligands lie approximately on the plane formed by the donor N, the tantalum center and one 
of the imido nitrogen atoms. The Ta-Nmial bond length of 2.318(6) A for 
[(3,5-C12C6H3NCH2CH2)3N]TaMe2 is significantly shorter than the dative bond in 
[(Me3SiNCH2CHz),N]Ta(Et)(Me) (2.444(8) A) consistent with a more electron deficient metal. 
[(3,5-C12C6H3NCH2CH2)3N]TaMe2 is stable in the solid state at room temperature. 
However, it evolves methane in solution at elevated temperatures. The organometallic 
thermolysis product is believed to be analogous to the thermolysis product of 
[(R3SiNCH2CH2)3N]Ta(R')2 (R, R' = Me, ~ t ) . " ~  The product was identified based on the 
appearance of diastereotopic ligand methylene resonances and a singlet at 0.76 ppm (Ta-CH3) 
(cf. 0.75 and 0.80 ppm respectively for R = ~ e \ n d  ~t~ in 
MeTa[N(SiR3)(CH=CH2)][N(CH2CH2NSiR3)2]). Isolation and full spectroscopic 
characterization of the decomposition product was not pursued. 
Reaction 4.10. Decomposition reaction of [(3,5-C12C6H3NCH2CH2)3N]TaMe2. 
Figure 4.5. Two views of the solid-state structure of 
[(3 ,5-C12C6H3NCH2CH2)3N]TaMe2. 
Table 4.5. Selected intramolecular distances (A) and bond angles (degrees) 
The acetylene complex, [ ( 3 , 5 - ~ l z ~ ~ ~ 3 N ~ ~ z ~ ~ 2 ) 3 ~ ] ~ a ( q ~ - c 2 ~ 2 ) ,  was prepared by 
treating [(3,5-C12C6H3NCHzCH2)3N]TaC12 with two equivalents of vinylmagnesium chloride 
(Reaction 4.11). Proton and carbon NMR established that this molecule is a pseudo-C3- 
symmetric complex with the acetylene H resonance observed at 11.90 ppm and the 
corresponding carbon observed at 226 ppm (JCH = 181 HZ). It is postulated that the structure of 
this compound is analogous to that reported for [(M~~s~NcH~cH~)~N]T~(~~-czH~).~ Note that 
for the triethylsilyl substituted ligand, a dimeric alkylidene complex, 
{[(Et3SiNCH2CH2>3N]Ta(=CHCH2))2 was obtained in combination with the acetylene complex 
when the reaction was performed at elevated temperatures.7 This compound was proposed to be 
formed from the coupling of two dl [(EtsSiNCHzCHz);N]Ta(=CHCH2) molecules. Analogous 
reaction to give the hypothetical ([(3,5-Cl2C&l3NCH2CH&N]Ta(=CHCH2))2 was not observed 
when Reaction 4.1 1 was performed at elevated temperatures. 
Reaction 4.1 1. Synthesis of [ (3 ,5-CI?C~H;NCH~CH~);N]T~(T~-C~H~).  
SUMMARY AND CONCLUSIOR 
The results presented here demonstrate the potential of [F;N~NM~]'- as a robust ancillary 
ligand for the exploration of organotantalum chemistry. A six-coordinate complex of tantalum 
(V) that contains this ligand was prepared from the metal halide by a relatively "direct" route. 
The resulting Ta(V) trichloride complex [F;N2NMe]TaC13 was used as a precursor for the 
convenient synthesis of various tantalum alkyl, alkyllalkylidene and alkyllolefin complexes. The 
analogous Nb(V) trichloride and trimethyl complexes have also been synthesized. 
[F3N2NMe]Ta(CHSiMe3)(CH2SiMej) and [ F ~ N ~ N M ~ ] T ~ ( ~ ~ - c ~ ~ ~ ) ( c H ~ c H ~ )  have been 
characterized by X-ray diffi-action studies. The structures suggest that the two perpendicular 
orbitals of the "[F3N2NMe]Ta(R)" core available for x bonding (d, and dyz in Figure 4.3) are 
relatively close in energy and that it appears that sterics is the primary factor that dictates the 
orientation of the alkylidene or olefin. 
The synthesis of a variety of tantalum complexes that contain the 
[(3 , ~ - c ~ ~ c ~ H ~ N c H ~ c H ~ ) ~ N ] ~ -  ligand was also explored. Tantalum methyl, ethylene and 
acetylene complexes, analogous to those of [(R3SiNCH2CH2)3N]Ta-based systems, were 
prepared and characterized. Expectedly, the change in the ligand amido substituent from 
trialkylsilyl to 3,5-ClzC6H2 influenced the reactivity of the resulting organotantalum complexes. 
For instance, while [(M~~s~NcH~cH~);N]T~(T~~-c~H~) readily undergo rearrangement to 
[(Me3SiNCHzCH2);N]Ta(=CHCH3) in the presence of catalytic amounts of P ~ P H ~ , ~  the 
analogous transformation is yet to be observed in [(3,5-ClzC~H3NCHzCHz);N]Ta(olefin) system. 
As expected, the tendency of the [ ( ~ . ~ - C ~ ~ C ~ H ~ N C H ~ C H ~ ) ~ N J ~ -  to undergo eabstraction in the 
ligand backbone was not altered by the change in the imido substituent. Design of new ligand 
systems which are not prone to this decomposition pathway is therefore necessary if one intends 
to f ~ h e r  explore the organotantalum chemistry of the triamidoamine ligand. 
EXPERIMENTAL 
General. All air-sensitive work was carried out in a Vacuum Atmospheres dry box under a 
dinitrogen atmosphere or by standard Schlenk techniques. Commercially available chemicals 
were obtained from Strem Chemicals, Inc., or Aldrich Co. Solid reagents were used as received 
unless otherwise stated. Liquid reagents were distilled from CaH: under dinitrogen. Diethyl 
ether, pentane, toluene, benzene and tetrahydrofuran (THF) were sparged with dinitrogen and 
passed through col~lmns of activated alumina. Dichloromethane was distilled from calcium 
hydride. All deuterated solvents were freeze-pump-thaw degassed. All listed solvents were 
stored over 4 A molecular sieves. 'H NMR spectra were obtained on an instrument operating at 
300 MHz unless otherwise stated. "C NMR spectra were obtained on an instrument operating at 
125 MHz, while ' 9 ~  NMR spectra were obtained on a 282 MHz instrument. All spectra were 
recorded at or near 22 "C. 'H and 13c NMR data are listed in parts per million downfield from 
tetramethylsilane and were referenced using the residual protonated solvent resonance. ' 9 ~  NMR 
shifts are reported relative to C6F6 used as an external reference. Microanalyses were performed 
by Kolbe Microanalytical Laboratories (Miihlheim an der Ruhr, Germany). ~ a ~ l ~ ~ e , "  and 
H2[3,4,5-F3C6HzNCH2CHz)2NMe] were prepared as reported in the literature. 
[3,4,5-F3C6H2NCH2CH2)2NMe]TaC13. TaClj (1.90 g, 5.30 mmol) was added in portions to a 
cold (-30 "C) solution of H2[3,4,5-FzC6H2NCHzCH1)2NMe] (2.00 g, 5.30 mmol) in 25 mL of 
dichloromethane. To the resulting orange suspension was added 2.2 equivalents of triethylamine 
(1.63 mL, 11.7 mmol). The reaction mixture was left to stir for 5h. The volatiles were removed 
in vacuo and the residue was dissolved in 30 mt of THF. The resulting red-orange suspension 
was then allowed to cool to -30 "C for 15 min to ensure complete precipitation of 
triethylammonium chloride. The mixture was then filtered through a bed of Celite. The filtrate 
was collected and concentrated to 5 - 10 mL in vaczlo, at which point bright orange microcrystals 
crashed out of solution. The solids were collected on a frit, washed with pentane, and dried in 
vaczio to give 2.59 g (74%) of orange crystals. The material co~lld be recrystallized from THF or 
1 dichloromethane: H NMR (ChDh) 6 7.17 (m,4), 4.14 (m,2), 3.56 (q,2), 3.12 (m.2). 2.09 (s,3), 
1.80(q32); "F NMR 6 -129 (dd, 4), -157 (tt, 2). Anal. Calcd for TaN2F6Cl3Cl7Hki: C, 30.8 1; H, 
2.28; N, 6.34; C1, 16.05. Found: C, 30.48; H, 2.38; N, 6.26; C1, 15.96. 
[3,4,5-F3CsH2NCHzCHZ)ZN~le]NbC13. To a rapidly stirred slurry of NbC15 ( 1.43 g, 5.30 mmol) 
in 15 mL of toluene was added dropwise a cold (-30 "C) solution of H2[3,4,5- 
F3C6H2NCH2CH2)2NMe] (2.00 g, 5.30 mmol) in 10 mL. toluene. To the resulting orange 
suspension was added 2.2 equivalents of triethylamine (1.63 mL, 11.7 mmol). The reaction 
mixture was then heated to 80 "C and was left to stir for 6h. The toluene was removed in v~acuo 
and the residue was dissolved in 50 mL of THF. The resulting red-orange suspension was then 
allowed to cool to -30 "C for 15 min to ensure complete precipitation of triethylaminonium 
chloride. The mixture was then filtered through a bed of Celite. The filtrate was collected and 
concentrated to 5 - 10 mL in VLICZIO, at which point brick red microcrystals crashed out of 
solution. The solids were collected on a fi-it, washed with pentane, and dried in vaczio to give 
2.4 g (80%) of brick red product. The product could be recrystallized from THF: 'H NMR 
(C6D6) 6 7.26 (m, 4), 3.87 (m, 2), 3.25 (m, 4), 2.08 (s, 3), 1.77 (q, 2); "F NMR 6 -129 (dd, 4), 
-155 (tt, 2). Anal. Calcd. for NbN3F6C13C17HIS: C, 35.54; H, 2.63; N, 7.31; CI, 18.15. Found: C, 
35.63; H, 2.56; N, 7.41; C1, 18.22. 
[3,4,5-F3CsH2NCH2CH2)2Nru'Me]Ta~. To a cooled (-30 "C) suspension of 250 mg [3,4,5- 
F;CbH2NCH2CH2)2NMe]TaC13 (0.380 mmol) in 10 mL diethyl ether was added 3.3 equivalents 
of methylmagnesium chloride (1.2 mmol, 0.42 mL, 3.0 M in THF). The suspension was allowed 
to warm to room temperahlre as it was stirred, during which time it changed from orange to 
bright yellow. After lh, 19-dioxane (0.30 mL.) was added. The mixhlre was filtered through 
Celite, and the filtrate was concentrated to dryness in vacuo. The yellow residue was rinsed with 
pentane (I5 mL), and dried to leave a yellow powder; yield 0.14 g ( 60%): ' H  NMR (C6D0) 6 
6.37(m,4),3.05 (m,2),2.13 (q,2), 1.93 (s,3), 1.79(q.2),0.93 (s,9); '"F NMR6-131 (dd,4), 
-164 (tt, 2). Anal. Calcd. for TaN;F6C2nH24: C, 39.95; H, 4.02; N, 6.99. Found: C, 40.06; H, 
3.95; N, 6.87. 
[3,4,5-F3C6H2WCHzCHz)2NLMe]KblliIe3. To a suspension of 200 mg (348 mmol) [3,4,5- 
F3C6H2NCH2CH2)2NMe]h"oC1j in 10 mL ether was added dropwise 1.2 mL (1.2 mmol, 3.3 
equivalents) of 1.0 M methylmagnesium chloride in diethyl ether. The mixture was allowed to 
warm to room temperature and to stir for 60 min. To the resulting dark red brown solution was 
added 0.24 n1L 1,4-dioxane. The resulting suspension was filtered through Celite and diethyl 
ether was removed in vnctio. The product was obtained as maroon powder in 61 "0 yield: 'H 
NMR (ChDh) 6 6.29 (m, 4), 3.08 (m. 2). 2.15 (m, 2), 1.93 (s, 3), 1.80 (q, 2), 1.48 (bs, 9); 
'% NMR 6 -1 3 1 (dd, 4), -164 (tt, 2). Anal. Calcd. for NbN3F6C20H24: C, 46.80; H, 4.7 1; N, 8.19. 
Found: C, 46.94; H. 4.68; N, 8.05. 
([3,4,5-F3C6HthCH2CHZ)2IVil/Ie~T~aMe2[>IeB(C6Fj)3]. B(&Fs)~ (170 mg, 0.333 mmol) was 
added to cooled (-30 "C) solution of 200 mg [3,4,5-F3C6H2NCH2CH2)2NMe]TaMe3 (0.333 
mmol) in 5 mL dichloromethane. The mixhlre was allowed to warm to room temperature as it 
was stirred, After 15 min, the solvent was removed in vactlo. The residue was triturated, rinsed 
with pentane and dried to give a pale yellow powder in quantitative yield (363 mg). 'H  NMR 
(C6Db): 6 7.13 (m, 4), 4.72 (m, 2), 4.33 (m, 2), 3.61 (q, 4), 2.65 (s, 3, Nhfr). 1.35 (s, 3, TaMe), 
1.15 (s7 3, TaL44i). 0.468 (broad s, 3, BMe); "F NMR: -126.35 (dd, 4), -129.65 (d, 6), -154.32 (tt, 
2), -16 1.48 (t, 3), -1 64.17 (t, 6). Anal. Calcd. for TaN3F21BC;8H24: C, 40.99; H, 2.17; N, 3.77. 
Found: C, 41.1 1; H, 2.21; N, 3.73. 
[3,4,5-F3C6H2NCH2CH2)2NLMe]Ta(CHSihte3)(CH2SiiMe3). Trimethylsilylmethyln~agnesium 
chloride (1.00 mL, 0.997 mmol) was added dropwise to a stirring suspension of [3,4,5- 
F3ChH2NCH7CH2)2NMe]TaCl; (200 mg, 0.302 mmol) in 10 mL diethyl ether at -30 O C .  'The 
reaction mixture slowly became yellow orange. After 60 min, 0.24 mL (3.0 mmol) of 1,4- 
dioxane was added. The mixture was stirred for additional 10 min, filtered and the solid rinsed 
with (3 x 2 mL) ether. The filtrate was concentrated to dryness. The yellow-orange oily residue 
was then dissolved in 5-10 mL toluene and heated to 50 OC for 3h. Volatile components were 
then removed in vacuo. The residue was triturated in pentane (5 mL), and the solid was filtered 
off, rinsed with pentane (5 mL), and dried in vacuo to yield a yellow powder; (0.15 g, 67% 
yield). X-ray quality crystals were grown from toluene at -30 OC over a period of 2 days: 'H 
NMR (C6D6) 6 7.05 (m, 4), 5.82 (s. I), 3.22 (m, 2), 2.93 (q, 2), 2.23 (q, 2), 1.77 (q, 2), 1.28 (s, 3), 
0.28 (s, 2), -0.007 (s, 9), -0.19 (s, 9); ' 9 ~  NMR 6 -134 (dd, 4), -169 (tt, 2); 'H-coupled I3c NMR: 
243 (d, J c ~ = 9 7 ) ,  155 (s), 151 (d), 135 (d), 105 (d), 60 (t), 58 (t), 54 (t), 37 (q), 3.5 (q), 3.3 (q). 
Anal. Calcd. for TaN3F6Si2C25H36: C, 41.15; H, 4.97; N, 5.76. Found: C, 4 1.23; H, 5.06; N, 5.78. 
[3,4,5-F3C&12NCH2CH&NMe]Ta(CH2-t-Bu)Cl To a cooled suspension of 250 mg (0.380 
mmol) [3,4,5-F3C6H2NCH2CH2)2NMe]TaC13 in 0 mL ether was added 0.31 mL of 4.0 M 
neopentylmagnesium chloride (in diethyl ether) (1.2 mmol). The mixture was allowed to warm 
to room temperature and stirred for 3h. l,4-Dioxane (0.30 mL) was added and the mixture was 
left to stir for 10 more minutes before it was filtered through Celite. The yellow residue was 
washed with diethyl ether. The filtrate was collected and the solvent was removed in vmuo. The 
residue was triturated with 3 mL of pentane, collected on a frit, washed with (3 x 2 mL) pentane, 
1 and dried in ~~acuo;  yield 0.121 g (46%) of a yellow powder: H NMR ( C a b )  6 7.22 (m, 4), 3.92 
(m, 2), 3.60 (q, 2), 2.80 (m, 2), 2.16 (s, 2), 1.95 (s, 3), 1.60 (q, 2), 0.61 (s, 9); ' 9 ~  NMR 6 -130 
(dd, 4), -158 (tt, 2). Anal. Calcd. for TaN3F6C12C22H26: C,37.84; H, 3.75; N, 6.02; CI, 10.15. 
Found: C, 38.05; H, 3.68; N, 5.88; C1, 10.25. 
[3,4,5-F3C6H2NCH2CH2)2NMe] Ta(CH-t-Bu)(CH3). Methylmagnesium chloride (0.13 mL, 3.0 
M in THF, 0.38 mmol) was added dropwise to a stirring suspension of [3,4,5- 
F3C6H2NCH2CH2)2NMe]Ta(CH2-t-Bu)Clz (120 mg, 0.174 mmol) in 3 mL diethyl ether at -30°C. 
The reaction mixture slowly became yellow brown over a period of lh. 1 A-Dioxane (0.20 mL) 
was added and the mixture was stirred for an additional 10 min. The mixture was filtered and 
the solid was rinsed with (3 x 2 mL) ether. The filtrate was concentrated to dryness and the 
residue was triturated in pentane (5 mL). The solid was filtered off, rinsed with pentane (5 mL), 
and dried in vnczro to yield a pale yellow powder; 81 mg (73% yield): 'H NMR (ChDh) 6 6.90 
(m,4), 3.30 (m, 2),2.83 (m,2), 2.40 (s, 1),2.14(m, 2), 1.75 (m, 2), 1.32 (s, 3),0.72 (s, 9),0.49 
(s, 3); 1 9 ~  NMR 6 -134 (dd, 4), 169 (tt, 2); 'H-coupled "C NMR 6 242 (d, Jcr, = 90), 178 (s), 
151(d), 135 (d), 105 (d), 58 (t), 54 (t), 45 (s), 40 (t), 34 (q), 33 (q). Anal. Calcd. for 
T ~ N ~ F ~ C ~ ~ H X :  C, 43.07; H, 4.4; N, 6.55. Found: C, 42.88; H, 4.38; N, 6.45. 
[3,4,5-F3C6H2NCHzCH2)2N,lile]Ta(CH-t-Bu)(CH-t-Bu). To a cooled suspension of 250 mg 
(0.380 mmol) [3,4,5-F3C6H2NCH2CH2)2NMe]TaC13 in 10 mL ether was added 0.3 1 mL of 4.0 M 
neopentylmagnesium chloride (in ether) (1.2 mmol). The mixture was allowed to warm to room 
temperature and was stirred for 6 h. 1,4-Dioxane (0.20 mL) was added and the mixture was left 
to stir for 10 more minutes before being filtered through Celite. The yellow residue was washed 
with ether (5 mL). The filtrate was collected and the ether was removed in vncuo. The residue 
was triturated with 3 mnL pentane, collected on a frit, washed with (3 x 2 mL) pentane, and dried 
I in vciczro to give 0.57 g (22%) of a yellow powder: H NMR (C6D6) 6 6.73 (m, 4), 3.13 (m, 2) ,  
2.95 (m,2),2.12(m,2), 1.83 (m,2), 1.80(s.3), 1.35 ( s ,9 ) ,0 .82(~ ,2) ,0 .75  (s,9),0.39(s, I ) ;  ' 9 ~  
NMR 6 -134 (dd. 4), 168 (a, 2); 'H-coupled "C NMR 6 228 (d, .Jcrl = 74). 157 (s), 151 (df, 
136(d), 107 (d), 67 (t), 66 (t), 46 (s), 45 (qf, 38 (s), 36 (t). 35 (q), 33 (q). 
[~,~,~-F~C~H~KCH~CH~)~IV~~[~]T~(~~-CH~CH~)(CH~CH~). Ethylmagnesium bromide (1.00 
mL, 0.997 mmol) was added dropwise to a stirring solution of 200 mg of [3,4,5- 
F3ChH2NCH1CHI)LNMe]TaC1; (0.303 mmol) in 10 mL THF at -30 "C. The bright orange 
solution immediately became pale orange then slowly turned red-orange as more 
ethylmagnesiilm bromide was added. The mixture was allowed to warm to room temperature as 
it was being stirred. After Zh, all solvents were removed in ~~clcuo. Diethyl ether (10 ml) was 
added to the brown residue, followed by 0.20 mL of 1,4-dioxane. The mixture was stirred for 10 
more minutes and filtered. The solid was rinsed with diethyl ether (3 x 2 mL) and the brown 
filtrate was concentrated to dryness in vaczru. The brown residue was triturated in 3 mL pentane, 
collected on a frit, rinsed with (3 x 2 mL) pentane, and dried in vacuo to give 91 mg of brown 
powder which is -80% pure by NMR: 'H  NMR (ChDh) 6 5.98 (m, 4), 3.31 (m, 2), 2.61 (m, 4), 
2.35 (s, 3), 2.05 (m,2) ,  1.81 (q, 2), 1.69 (I, 3), 1.53 (s,4): "F NhIR6-131 (dd,?), 164 (tt. 2); 
' ~ - c o u ~ l e d  "C NMR 6 151 (d), 145 (s), 137 (d), 105 (d), 67 (t), 56 (t), 55 (t), 54(t), 48 (q), 13 
(q). 
H3[(3,5-C12C6H3NCHzCH2)3K]. The dichloromethane and hexane used in this reaction were 
analytical grade and used as obtained from the supplier. The Pd catalyst was pre-formed by 
dissolving 1.5 g (2.4 mmol) uac-BINAP in 80 mL toluene with vigorous stirring and heating. 
Pd2DBA; (0.82 g, 0.90 mmol) was added to the solution and stirred for 60 min., then filtered to 
remove Pd(0). The red-orange solution was then added to a 350-mL Schlenk tube charged with 
8.77 g (60.0 mmol) (H2NCH2CH2);N. 1 -bromo-3,5-dichlorobenzene (40.7 g. 1 80 mmol), 
sodium tert-butoxide (20.2 g, 2 10 mmol) and 150 mL toluene. The reaction mixhlre was heated 
to 90 "C under dinitrogen atmosphere for 16h. It was then cooled to room temperature, filtered 
through celite, and volatiles removed on a rotary evaporator. The resulting brown residue was 
taken up in 100 rnL dichloromethane, extracted with water (2  x 100 mL), saturated NaCl solution 
(2 x 100 mL), and dried over MgS04. MgS04 was filtered off, and the filtrate concentrated in 
vactro to leave a red-brown oil. The oil was redissolved in 100 mL dichloromethane and 100 mL 
hexane was added to the brown solution. The flask was stored at 0 O C  for several days over 
which time solids formed. Two crops of pale yellow powder were obtained to give a combined 
I yield of 17 g (50%). H NMR (C6Db): 6 6.78 (t, 31, 6.21 (d, 6), 3.52 (t, 3), 2.32 (q, 6), 1.90 (t, 6). 
-4nal. Calcd. for C:4H:4C'lhN4: C, 49.60; H, 4.16; Cl, 36.60; N ,  9.64. Found: C, 49.65; H, 4.2 1 ; 
C1, 36.56; N, 9.49. 
[(3,5-Cl~6H31VCHzCH2)3N1TaC12. To a rapidly stirred suspension of TaCl ( 1.33 g, 3.44 
mmol) in 100 rnL dichloromethane at -30 "C was added (in portions) 2.00 g of solid H;[(3.5- 
C12C6H;NCH2CH2)3N]. The mixture. which turned orange immediately, was stirred for 15 
minutes before adding 2.4 mL (17 mmol) of triethylamine. The resulting deep red-orange 
mixhlre was left to stir at room temperahlre for 16h. After which, volatiles were removed in 
vaczlo. The residue was then taken up in 50 mL THF, and the suspension cooled to -30 "C before 
removing lriethylammonium chloride by filtration. The deep red filtrate was then concentrated 
until the volume was reduced to 5-10 mL. The solids that precipitated out of solution was 
collected on a frit, washed with diethyl ether (10 mL) and pentane (10 mL), and then dried in 
vncuo. The product was obtained as brick red microcrystals (1.8 g) in 70 % yield. 'H NMR 
(ChD6): 8 7.04 (d, 6), 6.83 (t, 3), 3.47 (t, 6), 2.26 (t, 6). Anal. Calcd. for C24H21N4C18Ta: C, 
34.73; H, 2.55; C1, 34.17; N, 6.75. Found: C, 34.5 1; H, 2.64; C1, 34.05; N, 6.73. 
[(3,5-C12C6H3NCHtCH2)3N]Ta(C&). Method A: Ethylmagnesium chloride (0.38 mL, 2.0 M 
in THF) was added dropwise to a cooled (-30 "C) solution of 300 mg (0.361 mmol) [(3,5- 
C12C6H3NCH2CH2);N]TaC12 in 10 mL THF. The reaction mixture was stirred for 6h at room 
temperature. All volatiles were then removed in vncuo. The product was then taken up in 5 mL 
toluene and filtered through a bed of celite. The filtrate was concentrated to dryness, and the red 
brown residue was triturated in pentane, collected on a frit, and dried in vclczlo. The product was 
obtained as orange-brown powder in 84 % yield (240 mg). Method B: A solution of 100 mg 
(0.172 mmol) H3[(3,5-C12ChH3NCH2CH2);N] in 3 mL toluene was cooled to -30 "C, and into 
which was added 61.6 mg (0.172 mmol) TaC15 . The reaction mixture was stirred for 15 min at 
room temperature then cooled to -30 "C. Ethylmagnesium chloride (0.44 mL, 2.0 M in diethyl 
ether) was then added dropwise. The reaction mixhire was stirred for 6h at room temperature. 
The resulting deep red brown mixture was filtered through Celite, and the filtrate concentrated to 
dryness. The residue was trihlrated in pentane, collected on a frit and dried in vaczlo to give 108 
I 
mg (80 % yield) of orange-brown powder. H NMR (ChD6): 8 6.84 (t, 3), 6.57 (d, 6), 3.29 (t, 6), 
2.28 (t, 6), 1.66 (s. 4). 'li-coupled "C NMR 6 157 (s), 135 (m), 124 (dt), 123 (dt), 73 (t, JCH = 
143), 58 (t), 54 (t). Anal. Calcd. for T ~ N A C I ~ C ~ H ~ ~ :  C7 39.67; H, 3.20; C1, 27.02; N, 7.12. 
Found: C, 39.38; H, 3.24; C1, 27.18; N, 6.97. 
[(3,5-C12C6H3NCH2CHr)3N]TaMe2. Method A: To a cooled (-30 OC) suspension of 100 mg 
(0.1 20 mmol) [(3,5-C12ChH3NCH1C'H1)7N]TaC12 in 3 mL toluene was added 2.1 equivalents of 
MeMgCl (0.08 mL, 3 M in THF). The reaction mixture was allowed to warm to room 
temperature as it was stirred, during which time it changed from brick red to brownish yellow. 
After 60 min, the mixture was filtered through celite, and the filtrate concentrated to dryness in 
vacuo. The residue was rinsed with diethyl ether (3 x 2 mL) and with pentane (3 x 2 mL), then 
dried to give 75 mg of bright yellow powder in 79 % yield. Method B: A solution of 100 mg 
(0.172 mmol) H3[(3,5-C12C6H3NCH2CH2)3N] in 3 rnL toluene was cooled to -30 OC, and into 
which was added 61.6 mg (0.172 mmol) TaC15 . The reaction mixture was stirred for 15 min at 
room temperature then cooled to -30 OC. Methyl lithium (0.63 mL, 1.4 M in diethyl ether) was 
added dropwise to the reaction mixture, which was then left to stir at room temperature for 60 
rnin. The resulting suspension of dark precipitate in yellow-brown liquid was filtered through 
celite, and the filtrate concentrated to dryness. The residue was triturated in pentane, collected on 
a frit and dried in vacwo to give 88 mg (65 % yield) of yellow powder. Single crystals suitable 
for X-ray diffraction studies were grown from concentrated toluene solution at -30 OC. 'H NMR 
(c6D;~s): 6 6.90 (t, 3), 6.80 (d, 6), 3.22 (t, 6), 2.09 (t, 6), 1.23 (s, 6). Anal. Calcd. for 
TaN4C16C26H27: C, 39.57; H, 3.45; N, 7.10. Found: C, 39.46; H, 3.41 ; N, 7.16. 
[(~,~-cI~c~H~NcH~cH~)~N~T~(~~-c~H~). To a rapidly stirred solution of [(3,5- 
C12C6H3NCH2CH2)3N]TaC11 ( 00 mg, 0.120 mmol) in 10 mL THF (-30 OC) was added dropwise 
0.25 mL of vinylmagnesium bromide (0.25 mmol, 1.0 M in THF). After stirring for 3h, 0.25 mL 
1,4-dioxane was added, and the reaction mixture was allowed to stir for additional 15 min. After 
which, volatile components were removed in vacuo. The product was then taken up in 5 mL 
toluene, filtered through Celite, and concentrated to dryness. The residue was triturated in 3 mL 
pentane, collected on frit, and dried to give the product in 68 % yield (64 mg). 'H NMR (500 
MHz, C6D6): 6 11.90 (s, 2), 6.82 (t, 3), 6.53 (d, 6), 3.25 (t, 6), 2.23 (t, 6). ' ~ - c o u ~ l e d  I3c NMR 6 
226 (d, J c ~  = 181 HZ), 161 (s), 135 (t), 123 (dt), 123 (dt), 57 (t), 53 (t). 
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Appendix A.4.1 
Solid-State Structure of f [(FSC6NCH2CH2)NMe]VCl2)[HNEt3] 
- .  
([(F5C6NCH2CH2)NMe]VC12] [HNEt3] was prepared fiom the reaction between 
VC13(THF) and H2[(F5C6NCH2CH2)NMe] in the presence of triethylamine, as described by 
. .  . .  Frank ~ochran.' The paramagnetic, yellow-orange product showed three distinct resonances in 
the 1 9 ~  NMR spectrum for the equivalent and freely rotating perfluorophenyl ring. Single crystals 
suitable for X-ray diffraction study were obtained from CH2Clz solution at -30 O C .  The solid- .- . 
state structure obtained is shown in Figure A.4.1. The geometry about the metal center is 
approximately trigonal bipyramidal with axial Cl(2) and N(3) ligands. The ligand is shown to 
coordinate to the metal in a fac manner [N(l)--V(1)-N(2) = 1 18.55(14)]. The V-N(1) and 
V-N(2) bond lengths are those expected for metal-amido bonds, and the V-N(3) bond length is 
consistent with a dative interaction between amine donor and the metal."' The ortho-fluorines 
are not within bonding distance to the metal. 
. .  - 
. h 
. . 
. . 
, 
. Figure A.4.1. Solid-state structure of ([(F5C6NCH2CH2)NMe]VC12] [HNEt3]. 
[HNE~~]' counterion not shown. 
Table A.4.1 Selected intramolecular distances (A) and bond angles (degrees) 
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Appendix A.4.2 
Crystal Data and Structure Refinement for Compounds Reported in Chapter 4 
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